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Abstract 
Unlike in the past, the display can be seen in many places such as personal smart devices and large 
display panels in the modern times. As the IT industry develops, displays are no longer simply display 
devices, but individuals, objects, devices, As a window of a network connecting another individual, we 
have become very close and important in our lives.  
Recently, organic light-emitting diodes (OLEDs) have been widely used as light emitting diodes 
(LEDs) based on conductive organic semiconductor materials. In the meantime, OLED have been 
studied intensively with attraction point as a light emitting device for next generation display due to 
various advantages such as low process cost, light weight, and possibility of various colors depending 
on kinds of organic light emitting materials used.  
In addition, it is more flexible than the rigid inorganic-based LEDs used in the past, so it can be bent, 
rolled, folded and even stretchable. Which is suitable for use in a flexible display applicable to a display 
device. However, due to limitations of material characteristics, its flexibility and applicability are 
limited. Thus, many researchers have proposed various methods to solve this problem. 
In chapter 2, we present the fabrication of welded silver nanowire percolation networks using large 
pulsed electron beam (LPEB) irradiation as a welding process of silver nanowires (AgNWs). It results 
in modification of electrical and mechanical properties because of the low contact resistance at welded 
junctions. The flexible and transparent AgNW electrodes fabricated by LPEB irradiation showed lower 
sheet resistance of 12.63 Ω sq-1 at high transmittance of 93% (at 550 nm), and superb mechanical 
flexibility, compared with other AgNW electrodes prepared by thermal treatement and without any 
treatment. Polymer light-emitting diodes (PLEDs) using AgNWs by LPEB irradiation were fabricated 
to confirm that the AgNW electrode by LPEB irradiation was able to become alternative to indium tin 
oxide (ITO) and they showed good device performance as a maximum luminous efficiency of 7.37 cd 
A-1, and excellent mechanical flexibility under bending with small radius of curvature. 
In chapter 3, we demonstrate fabricating process of the flexible and transparent encapsulation films 
with highly productive self-assembly process induced by Marangoni force, and analyze applicability of 
fabricated flexible encapsulation films and mechanical durability of optoelectronic devices with 
encapsulation films. The 2 layer-stacked self-assembled montmorillonite-based encapsulation film with 
5 mg ml-1 of montmorillonite dispersion concentration showed proper properties as 6.66 * 10-3 g m-2 
day-1 of WVTR and 90.5% of optical transmittance at 550 nm. The flexibility of fabricated 
encapsulation films is investigated through the comparative analysis of WVTR change after cyclic 
bending test with different cycles under 1 mm of bending radius. The application and demonstration on 
flexible PLEDs and transparent PSCs are investigated to figure out the applicability and different effect 
of the self-assembled montmorillonite based-encapsulation films following different stacked numbers. 
In chapter 4, we present the stretchable encapsulation including modification process of 
montmorillonite. The stretchable encapsulation film with ATES modified montmorillonite shows 
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Chapter 1. Introduction 
1.1 Organic Light-Emitting Diodes (OLEDs) 
In recent decades, various electronic devices including smart-mobile devices have been developed 
for high performance, integration and small sized. They have approached to our daily life gradually and 
become a very big part of human civilization. Among various electronic devices, the display has evolved 
most prominently; not just as output devices but also as a window to connect humans and electronic 
devices. The earliest appearance of display in early human civilization is the cathode-ray-tube (CRT). 
This technique, known as Braun tube television, is a technology that creates images by colliding 
electrons with the fluorescent surface. However, CRT have disappeared gradually from the display 
market because of their high-power consumption, heavy weight of glass vacuum tube and limited screen 
size of display because of length of vacuum tube.1 
The display developed following CRT is a liquid crystal display (LCD). The LCD consists of a 
fluorescent or LED backlight, a color filter, and a liquid crystal polarizing film mainly. Liquid crystal 
molecules in the polarizing film can selectively turned on and off with thin film transistor (TFT) in 
Figure 1.1. History of display 
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individual pixels, and it results transmitting light which is only desired colored light to the screen panel. 
It is a widely used display type because it has low power consumption level and can be fabricated with 
reduced thickness of panel than CRT displays. However, the wide viewing angled of LCD is quite 
narrow because of the necessary part; polarizing films. In addition, the switching time of the liquid 
crystal to turn and off the pixels is directly related on the response time of the display inducing the 
afterimage on the screen.2 
An organic light-emitting diodes (OLED)-based display developed after the LCD generation, is 
generally referred to as a display using an OLED as a unit pixel of display. OLEDs have basically same 
operation mechanism with inorganic semiconductor LEDs, also they can replace polarizers, color filters 
and even backlight part of LCD that were used in conventional LCD panels. Thus, OLED display can 
be fabricated more thinner, have more wide viewing angle, fast response time but also wide range of 
colors. OLEDs are basically based on organic materials; they are suitable for flexible display and are 
being actively studied for their versatility and potential.2-4 
 
1.1.1 Polymer Light-Emitting Diodes (PLEDs) 
Polymer light-emitting diode (PLED) is a type of OLED subcategory, which means OLEDs based 
on a high molecular weight polymeric active material. PLED is thin and light as OLED and can be 
fabricated with solution process such as spin-coating, spray-coating and ink-jet printing compare to 
vacuum deposition process of conventional OLED with low molecular weighted organic luminescent 
layer. Thus, they can be applied on large-area device and as various design of devices. In addition, 
PLEDs are expected to have mechanical stability and flexibility because of high molecular weight 
polymer materials.5, 6 
  
1.1.2 Structure of OLEDs 
OLED device including PLED is consisted of major 7 individual layers. Substrate have roles of 
maintaining the shape of the OLED device and protecting from external oxygen and moisture. Generally, 
transparent materials such as glass and plastic materials were used for substrates for the transmission of 
lights. Recently, most of the widely used substrates including commercial devices are glass substrates. 
However, since glass substrates are hard and brittle characteristics there is a limitation in that they can 
be applied only to planar type devices.4, 7 
Details about plastic substrates including their advantages and disadvantages will be introduced next 
chapter because they are extremely related on flexible OLEDs as well. 
The transparent electrode is a layer for the light transmission from the organic luminescent layer but 
also the current injection. Thus, transparent electrode materials should have high optical transmittance 
and electrical conductance both necessarily. Transparent electrodes with good properties in many 
3 
optoelectronic devices as well as OLEDs are very essential. The most commonly used transparent 
electrode material is indium thin oxide (ITO).  
The charge transport layers have a role in balancing the injection of positive carriers; holes and 
negative carriers; electrons from each electrode (anode and cathode) to emissive layer and influent on 
the efficiency of OLEDs including luminous efficiency, power efficiency and quantum efficiency. 
Charge transport layers including hole transport layer and electron transporting layer are usually 
made of an organic materials including poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS) polymer materials and an inorganic materials such as metal oxides. Generally, it is 
known that the long-term stability of organic optoelectronic devices using inorganic materials is 
relatively superior to that of an organic charge transporting layer because organic active materials 
protected by inorganic transporting materials.8 
The organic light emissive layer which has the fundamental effect on the light emitting performance 
of the OLEDs. They are based on organic semiconducting materials, most of the major characteristics 
of OLEDs such as efficiency, amount of luminescence and long-term stability of OLEDs are determined 
by reliability of organic emissive layer. In case of PLEDs, the organic emissive layer is not consisted 
by small molecules of organic but is generally referred to as a high-molecular weighted polymer. In 
Figure 1.2. Structure of OLEDs and constituent layers 
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addition, polymer materials have superior flexibility coming from high molecular weight and entangled 
chains of them but also capability of solution process. However, the organic emissive layers including 
small molecules and polymers are easily oxidized by external oxygen and moisture, which causes a 
poor long-term stability of devices. Therefore, preventing and controlling the degradation of the organic 
emissive layer are key issue in improving the long-term stability of OLEDs. 
The encapsulation layer, which prevents the oxidation of all elements including the organic emissive 
layers, can be formed by a metal can type including a moisture getter which can be used in the packaging 
of an OLED device, glass encapsulation and thin film encapsulation with thin oxide lamination. The 
details related on encapsulations will be discussed in continuous major part of introduction; flexible 
encapsulation.9, 10 
 
1.1.3 Flexible OLEDs 
Flexible OLEDs are commonly meaning all of OLED devices with flexibility. They have big 
advantages that various designs can be applied regardless of the shape and size of the devices, and they 
are not easily damaged by external deformation because of their flexibility. Flexible OLEDs are 
classified as bendable, rollable, foldable and stretchable OLEDs depending on the strength and type 
endurable stress. Bendable, rollable and foldable OLEDs are flexible devices can be enduring 
correspond to bending stress. Unlike these bendable, rollable and foldable devices, stretchable OLEDs 
Figure 1.3. Schematic of development progress in flexible display 
5 
should be enduring under tensile stress, thus they require additional mechanical stability. 
Basically, plastic substrates including flexible polymers are used on flexible OLEDS. For high 
mechanical stability against repeated deformation, structural design and planning of the devices are 
essential to minimize mechanical deformation of the relatively stiff materials among constituent 
materials of OLEDs. As the whole thickness of device changes, the location of the natural plane where 
the stress is minimized are changed and the mechanical stability of devices is determined.11 
 
1.1.4 Required Characteristics for flexible OLEDs 
For the development of flexible OLEDs, the mechanical flexibility of all components in OLEDs 
including transparent electrodes, charge transport layers, and organic emissive layers are necessary. 
Therefore, materials with brittle mechanical natures such as metals oxides cannot be applied to 
flexible OLEDs. Furthermore, the spectrum on the selection of the materials which can be applied to a 
stretchable OLED requiring elasticity rather than bending stress is more narrowed. 
Thus, it is very difficult to apply oxide-based conventional transparent electrodes such as ITO, or 
charge transport layers which have been used for enhanced long-term stability. Additionally, even not 
only brittle materials but also flexible materials which can be applied on bendable, rollable and foldable 
OLEDs are hard to be applied on stretchable OLEDs. 
Furthermore, flexible electrodes should be used for bottom and top electrodes in stretchable OLEDs 
because metal based top electrodes cannot be stretched although they can be enduring bending stress. 
Most of flexible substrates are based on polymeric materials such as polyethylene terephthalate (PET), 
polyimide (PI) or polyethylene naphthalate (PEN) have flexibility, they are very vulnerable to 
penetration of moisture and oxygen. Thus, the development of flexible encapsulation is also necessarily 
required.12 
Since thin film encapsulation (TFE) technique which is regarded as one of candidate for flexible 
encapsulation can be enduring under bending stress quietly because TFE consist of very thin metal 
oxide films which have different physics with bulk state of metal oxides, TFE have strong limitation on 
stretchablilty.  
Consequently, for the achievement of fully stable flexible OLEDs including bendable, rollable, 
foldable and even stretchable OLEDs, the development of new conceptional TFE with nano-structured 




1.2 Flexible and Transparent Electrodes 
1.2.1 Conductive Polymers 
Conductive polymers were first discovered in 1977 by Alan J.Heeger, Alan G. MacDiarmid and 
Shirakawa Hideki. Conductive polymers have electrical conductivity due to conjugated carbon chains 
inside of molecules which can conduct electrons.14 
PEDOT:PSS, the most commonly used conductive polymer for transparent electrodes has high 
optical transmittance, solution processability and flexibility. Many researchers suggested PEDOT:PSS 
based transparent electrode for optoelectronic devices including flexible OLEDs which has been 
highlighted for strong candidate for flexible and transparent electrode for alternative of ITO.15, 16 
 
PEDOT:PSS consist of conductive chain containing PEDOT molecules and PSS molecules for 
enhanced dispersity and PEDOT:PSS solution has weak acidity because of sulfonate functional groups 
in PSS chains. PSS with sulfonate groups have high reactivity to external moisture and thus acts as a 
serious disadvantage which reducing the long-term performance of PEDOT:PSS electrodes and their 
acidity is capable of causing degradation of polymer substrates or upper films.17 
  
Figure 1.4. (a) Chemical structure of PEDOT:PSS polymer chains. (b) Schematic images of acid treated 
PEDOT:PSS electrodes and (c) SEM images of them. 
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1.2.2 Strategies for Enhanced Flexibility of Conductive Polymers 
Despite of some advantages of PEDOT:PSS, it still has a few demerits relatively low electric 
conductivity and high reactivity to moisture. Thus, various approaches to overcome poor stability and 
performance have been suggested. 
In order to improve the conductivity of PEDOT:PSS films, the study have been suggested that can 
make well connected PEDOT chains in distinct polymeric granular with mixing of polar solvents such 
as dimethyl sulfoxide (DMSO) to PEDOT:PSS solution.16 Another approach to enhance conductivity 
of PEDOT:PSS through removing PSS chains for enhanced polymer crystallinity and reduced ratio to 
PEDOT chains with strong acid treatment have been suggest as well.18, 19 
Some approaches have been suggested to enhance a stretchability of PEDOT:PSS electrodes with a 
modification of film morphology. Following the study which is suggested by Suchol et al., 
morphologically modified PEDOT:PSS electrode films showed sustainable performance under ~35% 
of tensile strain with fabric type of morphology. Thus, they also suggested an applicability of 
PEDOT:PSS on stretchable electrodes.20 
 
1.2.3 Metal Nanowires 
Metal-based nanowire materials which are produced by growing process of low-reactive metals such 
as silver or copper along polymer chains, have been regarded as good candidate for flexible electrodes 
because of their high conductivity and remarkable optical transmittance. 
The metal-based nanowire materials can be fabricated in the form of dispersive solution through wire 
Figure 1.5. (a) Changes of normalized resistance according to tensile strain of PEDOT:PSS films and 
(b) film morphology images measured with AFM. 
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growth reaction, and their physical characteristics; length and diameter can be controlled with 
optimization of chemical reaction. However, the metal nanowire percolation networks have serious 
disadvantages in that they have random film property and poor surface characteristics resulted from 
randomly dispersed solution. Additionally, a not covered surface by nanowire is a part that cause high 
optical transmittance, but it means that it does not have an evenly distributed conducting surface. This 
factor hinders uniform light emission of the light emitting devices and results a hazy optical property. 
 
1.2.4 Junction Properties of Metal Nanowires 
Main factor to determining the whole properties of percolation network electrodes after solution 
processed coating of dispersion, that is a junction property of nanowire networks. The sheet resistance 
and mechanical durability of the overall percolation network of metal nanowires are determined by how 
firmly and uniformly welded in junction sites. 
Thus, various studies have been suggested for welding techniques of metal nanowires. The most 
generally and widely used thermal welding method is a heat treatment method of the coated percolation 
networks. This thermal annealing method showed non-uniformly welded property because of non-
uniform heat distribution on electrodes. Following the density of nanowires on percolation networks, 
junction property is changed with welding level caused from different heat conduction.  
 
Figure 1.6. SEM images of percolation networks of silver nanowires with various welding processes. 
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Another type of welding method is a pressing technique that applies a physical pressure to attach the 
junctions. This pressing technique of a very simple mechanism has the disadvantageous potential to 
cause a destruction at certain site of nanowire stacked thickly as it experienced the higher pressure, 
causing reduced performance of entire nanowire percolation network. 
The plasmonic welding method is a method of welding the junction with heat excited by a plasmon 
wave generated only at the junction when the laser is irradiated to the nanowires. This method is 
advantageous in that it can prevent the over-melting of the nanowire due to no plasmon wave generated 
after the welding has been pre-selected and uniform welding property can be expected.  
In addition, various approaches including chemical etching methods have been suggested. However, 
in order to apply the stretchability and elasticity of the nanowire electrodes, a special method for 
nanowire electrodes post-processing technique is required for not only just a welding of the junction 
but also improved the mechanical properties of the nanowires themselves. 
 
  
Figure 1.7. The simulated images at junction points when the laser irradiated on silver nanowire 
networks.  
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1.3 Flexible Encapsulation 
1.3.1 Vaper Permeability and Encapsulation 
As mentioned above, encapsulation refers to a technique or a thin film for preventing degradation of 
elements of devices including organic materials by preventing permeation of external oxygen and 
moisture to ensure long-term driving stability of the OLEDs.  
 
The gas permeation process that penetrates a specific thin film (barrier) is largely divided into three 
steps: adsorption and absorption of gas molecules, diffusion of gas molecules in the barrier, and finally 
the desorption of gas molecules from the barrier. Especially, the diffusion process in the thin film is 
most closely related to the protective characteristics of the encapsulation film.21, 22 
In order to prevent degradation of the OLED devices, the encapsulation films protect the devices with 
delaying the internal diffusion of moisture and oxygen molecules, which are typical gas molecules 
inducing degradation of the devices and which are penetrates through defect site inside of barrier films. 
Figure 1.8. Schematic of gas molecule penetration through barrier films with major 3 steps. 
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Therefore, the structure of the encapsulation films should be designed with torturous pathway to 
penetration of gas molecules, and multi stacking structure following the ideal laminate theory which is 
that enhanced barrier property is coming from the lamination of two or more thin films having extremely 
high difference of gas permeability.22-29 
 
1.3.2 Water Vaper Transmission Rate (WVTR) 
The water vapor transmission rate (WVTR) is defined as the amount of gas molecules permeating a 
specific thin film material. Since the WVTR value varies with the atmospheric moisture content 
depending on temperature and humidity, the most commonly used characteristic value of the protective 
encapsulating material of the OLEDs is standardized on the unit of g/m2∙day at 40℃ and 37.8% RH. 
The measurement of the WVTR is conducted in various ways. There are two ways to obtain WVTR 
by direct measurement of transmitted molecules through MOCON sensors or radioisotope detections, 
and indirect measurement of WVTR with a simple Ca test method that the WVTR value is calculated 
from the reducing electrical conductivity through the oxidation of calcium with following reaction. 
 
Ca + H2O → CaO + H2  (1) 
CaO + H2O → Ca(OH)2 (2) 
Ca + 2 H2O → Ca(OH)2 + H2 (3) 
Figure 1.9. Schematic images of gas diffusing path in (a) barrier with homogeneous material and (c) 
multi layered heterogeneous film.  
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(P = WVTR [g/m2∙day], n = molar equivalent, M = molar mass [g/mol],  
δ = density of Ca [kg/m3], ρ = resistivity of Ca [Ω∙m]) 
 
All the above methods are used extensively in industrial and research fields. In the studies included 
in this thesis, the WVTR values were measured from the calculation according to the change in the 
conductivity of calcium pad, Ca test.30-35 
 
1.3.3 Thin Film Encapsulation (TFE) 
According to the ideal laminate theory which is mentioned above, when the heterogeneous thin films 
each have high gas permeability and low permeability, multi-stacked structure of lamination with these 
two materials have torturous pathway in which the diffusion of gas molecules is maximally delayed in 
the encapsulation films for protection of OLEDs with minimized WVTR values. 
Detailed deriving on the ideal laminate theory is given below. 
 
P = D S (P = permeability, D = diffusivity, S = solubility) 
 (Henry’s law) 
 
Figure 1.10. Conceptional images with ideal laminated film with highly protective coating films and 










Thin film encapsulation (TFE) technique is a good example of the ideal laminate theory, they consist 
of the alternating lamination of highly protective (low permeability) metal oxide films and relatively 
low protective (high permeability) polymer-based matrix. They have properly low WVTR characteristic 
and are fabricated in very thin form with light weight. In addition, they have extremely thin oxide films, 
can be applied in bendable OLEDs. However, they cannot be applied to rollable or foldable display 





Montmorillonite is a plate shaped mineral nano material in which octahedral alumina sheets are 
sandwiched between two tetragonal silica sheets. On average, it has a diameter of 1 μm and a thickness 
of about 1 nm and has an aspect ratio of about 1,000. Montmorillonite exist in nature with form of 
multilayered nanoparticle with relatively negative charged metal oxide plates and exchangeable cations 
such as Na+, Ca2+ or K+.39, 40 
 
It is usually used as a wear-resistant material, drilling fluid, catalyst or additive for flame retardants. 
Also, it has been reported with use of flexible encapsulation materials. Since montmorillonite has 
crystallized silica and alumina inside, the moisture preventing property is very sufficient. In the study 
included in this thesis, montmorillonite based flexible encapsulation films with special self-assembly 
technique which is induced by Marangoni force to have parallel alignment for delaying the penetration 
of moisture.40-45 
Figure 1.11. Schematic structure montmorillonite with metal oxide plates and cations 
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1.3.5 Marangoni Force and Self-assembly 
The Marangoni effect refers to the phenomenon of mass transfer caused by the difference in surface 
tension. The Marangoni effect is induced at liquid system with drawing substance by a strong surface 
tension from a weak surface and the force causing such mass transport is referred to as a Marangoni 
force which means the gradient of the surface tension.46 
 
The Marangoni effect is very common phenomenon that occurs in all systems where two or more 
liquid substances are mixed. There is a phenomenon called ‘tears of wine’ as an example of a typical 
Marangoni effect that can be observed in the surrounding of human life. The phenomenon ‘tears of 
wine’ is a occurred at surface of a wine glass. When the wall of wine glass is wetted by a mixture of 
water and ethanol (wine), the relatively volatile ethanol quickly evaporates at the end of wetted area 
results relatively high surface tension zone. Then, the liquid transfer is caused toward the upper side of 
the wetted surface and the liquid flows down again like a tear. 
Since the Marangoni effect occurs very spontaneously and actively, many studies have been 
suggested on the application of nano particles self-assembly using the resulted mass transfer. 47 
In this thesis, the self-assembly process of plate type nano material, montmorillonite with application 
of encapsulation films  
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Chapter 2. Mechanically Enhanced Silver Nanowire based Flexible 
Polymer Light-Emitting Diodes with Large Pulsed Electron Beam 
Treatment for Enhanced Mechanical Stability 
 
2.1 Research background 
Transparent conducting electrodes and their fabrication processes have been extensively adopted in 
semiconductor devices such as touch screens, sensors, light emitting devices, and solar cells. Currently, 
indium tin oxide (ITO) is one of the most frequently utilized materials for transparent conductors.1 ITO 
is generally produced by thermal or magnetron deposition processes; the high temperatures induced 
during those processes make adoption of ITO films in organic devices difficult. Although ITO facilitates 
manufacturing of conductors with low sheet resistance (Rs) and high transparency, the rising cost of 
indium – which is a rare earth metal – and the manufacturing cost of ITO, limits its potential applications 
in transparent electrodes.2 
In addition to transparency, flexibility is also a property of interest in the production of flexible 
optoelectronic devices. However, ITO layers are generally too brittle to be utilized in flexible electrodes. 
There is thus an obvious need for research into new transparent electrodes that display sufficient 
mechanical flexibility to be adopted in flexible electronics. Various nanomaterials including carbon 
nanotubes (CNT),3-5 graphene,6-9 nano-structured noble metals,10-14 and percolation networks of metal 
nanowires (NWs)15-22 have been studied as alternatives to ITO. Graphene has superb electric 
conductivity and the lowest sheet resistance among these candidates. However, chemical vapor 
deposition (CVD) of graphene leads to a lower quality of deposited graphene, resulting in a higher Rs 
than ITO.23,24 Most recently, noble metal NWs such as Cu and Ag percolation networks have been 
widely used as transparent and flexible conductors. Randomly distributed percolating networks of NWs 
are relatively easy to produce, as they use a simple, reproducible solution process including spin- or 
spray-coating. Randomly coated percolating networks of silver nanowires (AgNWs) have demonstrated 
a minimum Rs of 20 Ω sq-1 at a transmittance of 93 %.25 
Despite high transmittance and low Rs, spin-coated NWs are weak under bending or stretching forces, 
as the junctions have poor mechanical resilience with weak attractive forces between each NW, 
resulting in an extremely large contact resistance. Hence, they can be easily broken under shear stress 
and strain. Many studies have suggested flexible electronic devices using NWs, however these devices 
showed performance degradation under cyclic deformation through fractures in NWs and 
junctions.18,26,27 In addition, the uniformity of NW percolation networks cannot be guaranteed because 
they are in a randomly dispersed solution state. It is thus difficult to control the properties of each 
distinct NW and junction or create uniform performance in flexible and transparent NW electrodes. The 
properties of NW-NW junctions are important in determining the electronic performance and long-term 
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stability of fabricated flexible electronic devices under mechanical deformation following frequent 
handling. In the context, post processing techniques have been adopted for NW percolating networks, 
to enhance mechanical properties by inducing welded junctions. The most widely used methods are 
thermal-annealing and plasmonic welding. Thermal-annealing induces uniform heating on the overall 
surface of metal NWs, with junctions welded by the thermal gradient. Annealed AgNW networks 
demonstrated a Rs of ~14 Ω sq-1 at a transmittance of ~90 %.28 Furthermore, annealed metal NWs 
generally showed higher mechanical flexibility compared with only solution-processed AgNW 
networks29 without any post processing. Plasmonic welding using a laser is a relatively new techniques 
for fabrication of welded junctions in metal NW networks.30,31 Junctions can be selectively welded, and 
the technique prevents the fast oxidation observed in metals such as copper, because a relatively low 
temperature can be maintained. Welded CuNW percolation networks using a plasmonic laser showed 
up to 50% deviation in Rs during six bending cycles with a 2-mm of bending radius (rb).32 Although 
prior studies have attempted to reduce contact resistance, to the best of our knowledge, a welding 
method that modifies the mechanical properties using an electron bean has not been assessed for effects 
on flexibility or use in resistive touch-panels and light-emitting devices. 
In this study, we report a flexible and transparent conductor fabricated with welded AgNW 
percolation networks using large pulsed electron beam (LPEB) irradiations. LPEB has been introduced 
as a finishing process for metallic alloys and polymers.33 Many previous studies have focused on LPEB 
irradiation on bulk metallic alloys to enhance mechanical and chemical properties, including hardness, 
stiffness, wear resistance, and corrosion resistance, which mostly result from rapid thermal gradients 
during melting and re-solidification.34-39 In our approach, AgNW networks above the percolation 
threshold were welded using LPEB irradiations to enhance mechanical flexibility without significant 
reduction in transmittance and increase in Rs during bending cycles. LPEB-welded AgNW electrodes 
were compared to pristine and thermally-annealed AgNW electrodes in terms of the change in Rs over 
a number of bending cycles. Furthermore, polymer based light-emitting diodes (PLEDs) and resistive 
touch-panels using LPEB-welded electrodes are demonstrated to confirm the mechanical durability and 






Electrode fabrication. AgNW percolation networks were firstly constructed by spin-coating above 
the percolation threshold. A 0.5 wt. % isopropyl alcohol (IPA)-based suspension of AgNWs (Nanopyxis) 
was obtained with length 25 ± 5 m and diameter 36 ± 5 nm. The AgNW networks were obtained on a 
thin polyethylene terephthalate (PET) film (thickness : 0.1 mm) with dimensions 15 mm × 15 mm 
(Figure 2.1). The spin rate and time were fixed at 1,500 rpm and 90 sec respectively, as these are 
optimized conditions in terms of uniformity, transmittance, and electrical conductivity (Figure 2.2). 
 
Welding process of AgNWs. Thermal-annealing and LPEB irradiation were adopted as a welding 
processes for AgNW percolation networks. Thermal-annealing was performed under ambient 
conditions at a temperature of 130 °C for 10 minutes. LPEB irradiation was conducted in a vacuum 
chamber filled with Ar gas (a plasma gas) for a single pulse at an acceleration voltage of 5 kV. The 
pressure of Ar gas was set to be 0.05 Pa. Electrons were accelerated between the cathode and anode as 
illustrated in Figure 2.3, and transferred their energy via the plasma onto the surface of the substrate. 
The beam size was fixed at 60 mm in diameter for the LPEB welding process. 
  
Figure 2.1. Photograph of spin-coated flexible AgNW electrode fabricated on a PET substrate. (the 
inset shows an SEM image of AgNW percolation networks). 
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Figure 2.2. (a) The optical images of AgNWs spin-coated on PET film (thickness: 0.1 mm, size of 
printed mark: 15 mm * 15 mm). (b) Transmittance of the fabricated AgNWs in terms of spin rates. (c) 
Sheet resistance of the fabricated AgNWs. 
Figure 2.3. Schematic diagram of the large pulsed electron beam (LPEB) 
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Characterization of flexible electrodes. Scanning electron microscopy (SEM, Nanonova 230, FEI) 
was used to observe the welded NW-NW junctions after thermal-annealing and LPEB welding. Optical 
transparency and hazeness of transparent electrodes were measured by UV-Vis-NIR spectrophotometer 
(Cary 5000, Agilent) excluding substrates. The 4-point probe (CMT2000N, AIT) was used for a sheet 
resistance measurement of fabricated electrodes with certain correction factors. Changes in the 
crystallinity of AgNW percolation networks were recorded using a X-ray diffractometer (D8 Advance, 
Bruker) with a Cu- K  radiation source. An acquisition time was 5 min deg-1 and a step size was 0.01°. 
The mechanical flexiblity of the AgNW percolation networks was evaluated by conducting a cyclic 
bending test on three different types of AgNW (as-prepared, thermally-annealed, LPEB-welded). The 
cyclic bending was performed up to 500 m of rb using a multi-specimen test system (UMT-2T, Bruker 
Nano Inc.) with customized jig for PET films. The resistance of each electrode was automatically 
measured at 20 points/s during the bending test and the frequency of bending was 1 Hz. Changes in 
sheet resistance during cyclic bending tests were calculated from resistance measured using a 2-point 
probe potentiostat (Ezstat, CETR), as shown in Figure 2.4. 
 
Fabrication and characterization of flexible polymer light-emitting diodes. Three different types 
of flexible AgNW electrodes (as-prepared, thermally-annealed, LPEB-welded) were adopted to PLEDs 
as an anode. For a hole transport layer, poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) 
(PEDOT:PSS, AI 4083, Clevios) solution was spin-coated on the top of flexible anode with 5,000 rpm 
in 40 sec. As an emissive layer, chlorobenzene based 5.8 wt. % solution of conventional green 
luminescent polymer (PDY-132, Merck) was used. An emissive polymer film was casted by spin-
coating with 2,000 rpm in 45 sec. LiF/Al cathode was thermally deposited in high vacuum (~10-7 Torr). 
J-V-L characteristics of flexible PLEDs (FPLEDs) before and after cyclic bending was carried out using 
spectroradiometer (CS-2000, Konica Minolta Co.) with source measurement unit (Keithley 2400, 
Keithley). J-V characteristics of each device was measured by source meter (Ivium-n-Stat, Ivium 
Technologies).  
Figure 2.4. Experimental setups for cyclic bend tests (bending radius:0.5 mm) 
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2.3 Result and discussion 
Nanostructures of welded AgNWs. The pristine AgNWs showed relatively low electrical 
conductivity, likely resulting from high contact resistance and weak junctions in NW-NW bonding. 
Consequently, thermal-annealing and LPEB irradiation were applied to the as-prepared AgNW 
percolating networks to weld NW-NW junctions, improving mechanical properties without any 
significant change in transparency. 
 
Figure 2.5 shows a schematic diagram of AgNW welding processes using thermal-annealing and 
LPEB irradiation. Thermal-annealing heats the entire AgNW network simultaneously whereas LPEB 
irradiation uses accelerated electrons to transfer energy. Figure 2.6 shows SEM images of the as-
prepared, thermally-annealed and LPEB-welded AgNW percolation networks. As shown in Figure 
2.6(a), the NW-NW junctions of the as-prepared AgNWs showed only physical contact; however, 
clearly welded AgNW junctions were obtained following thermal annealing and LPEB irradiation 
(Figure 2.6(b) and (c)). These welded junctions may lead to continuously connected AgNW networks 
under substrate bending and significantly reduce contact resistance compared with the as-prepared 
AgNWs. Although larger LPEB acceleration voltages could improve the mechanical properties, a 
voltage of 5 kV was used, as higher voltages could degrade the surface texture and result in metallic 
bubbles at the end of the NWs (Figure 2.6(d)). Details of the optimization for the LPEB irradiation are 
supplied in the supporting information (Figure 2.2 and Figure 2.7). 
Figure 2.5. Schematics of thermal annealing and LPEB irradiation on AgNWs 
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To optimize the acceleration voltage used in LPEB welding, LPEB irradiations with various 
acceleration voltages were performed on AgNWs. With the 15 kV of acceleration voltage, the spin-
coated AgNWs were almost perfectly evaporated. The Ag bubbles were observed following LPEB 
irradiation with 10 kV acceleration voltage. Using 7 kV, NW-NW junctions were mostly welded; 
however, Ag bubbles resulted from melting and re-solidification were also emerged at the end of 
AgNWs. The formation of Ag bubbles with 10 and 7 kV is the same phenomenon to thermal annealing 
with higher temperature and/or longer time than the optimized condition. Finally, uniformly welded 
NW-NW junctions were obtained by LPEB irradiation with 5 kV of acceleration voltage. The inset with 
red border shows the magnified image of welded junction  
 
Thermal-annealing and LPEB irradiation may also modify the mechanical properties of AgNWs and 
junctions. The most significant difference is that of the heat transfer mechanism. In the case of thermal-
annealing, melting and re-solidification of the AgNWs at junctions is relatively slow due to continuous 
heat transfer across the whole processing time; in contrast, LPEB irradiation induces a rapid thermal 
gradient on substrates, leading to fast melting and re-solidification process (cooling rate > 107 K s-1). A 
rapid thermal gradient in metals can significantly change crystalline structures, generating mechanical 
twins and increasing the dislocation density.40 Above some critical cooling rate, metals can also attain 
an amorphous structure; this phase transformation is commonly considered a primary cause of modified 
mechanical properties including hardness and modulus.35,37  
Figure 2.6. SEM images of AgNW junctions on percolation networks following (a) spin-coating, (b)
thermal annealing, and (c) LPEB welding process. (d) Bubbles generated on the edges of AgNWs after 
the LPEB welding process at acceleration voltages over 5 kV 
Figure 2.7. LPEB-irradiated AgNW percolation networks. (Spin rate: 1500 rpm) The red scale bar in 
inset is 50 nm 
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Crystallinity of welded AgNWs. In addition to the review of previous studies and theoretical 
descriptions, X-ray diffraction (XRD) peaks indicated the possibility of enhanced mechanical properties 
following LPEB irradiation on AgNW percolation networks. Figure 2.8(a) compares XRD peaks of the 
as-prepared, thermally-annealed, and LPEB-welded AgNWs. The pristine AgNWs were verified to 
possess a face-centered cubic (FCC) Ag structure synthesized into a certain preferred plane (Figure 2.8) 
immediately after spin-coating. After thermal-annealing, the AgNWs lost their crystallinity slightly, as 
indicated by the decreased relative intensity of the main peak (200) planes. However, no significant 
shifts of XRD peaks were observed following the thermal-annealing. In case of the LPEB-welded 
AgNWs, a clear shift of the main peak from Ag (200) to Ag (111) and a further reduction of relative 
intensity compared with the as-prepared and thermally-annealed AgNWs was observed. Moreover, 
changes in crystallinity can be estimated from the Bragg angle ( ) and full width at half maximum 
(FWHM) of the main peak. Using Scherrer equation, the size of ordered crystalline domains (τ) can be 
estimated: , where K is a dimensionless shape factor,  is the X-ray wavelength, and  
is the FWHM40. As described in the Scherrer equation, a larger value of  and smaller  denote smaller 
crystallites. The FWHM of the thermally-annealed AgNWs increased slightly to 0.354 (  = 22.074°) 
and that of the LPEB-welded AgNWs increased significantly to 0.421 (  = 13.93°), compared with the 
as-prepared AgNWs (  = 0.310 at  = 22.074°).  
Figure 2.8. (a) X-ray diffraction peaks from as-prepared, thermal-annealed, and LPEB-welded AgNW 
percolation networks. (b) The relative intensity of X-ray diffraction peaks from general Ag with 
nanostructures (JCPDS 04-0783). (c) Schematic diagram of AgNW denoting growing direction. 
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Optical and electrical properties. There are two competing effects arising from the decreased 
crystallinity. First, the loss of crystallinity is strongly related to the mechanical properties of each 
AgNWs, as metals with crystalline structures can be plastically deformed, or fail through slip processes. 
The change in XRD peaks of the three samples presents that the mechanical properties of the AgNW 
percolation networks are enhanced most after LPEB irradiation. This could result from the simultaneous 
loss of crystallinity and reduction in size of crystalline structures41. In contrast, the higher crystallinity 
of conductive metals leads to higher electrical conductivity42. Consequently, the significant decrease in 
crystallinity following LPEB irradiation could adversely affect the electrical conductivity of AgNWs 
initially synthesized in a single crystalline direction. 
The main advantages of LPEB irradiation for welding of AgNW percolation networks are 
demonstrated from changes in Rs following thermal-annealing and LPEB welding. Despite competing 
effects following changes in crystallinity, Rs reduced considerably after thermal-annealing and LPEB 
irradiation. It appears that the reduction in electrical conductivity caused by the loss of crystallinity after 
LPED irradiation was compensated by the decreased contact resistance at NW-NW junctions. The as-
prepared AgNWs showed a relatively high Rs (~28.08 Ω sq-1) due to the high contact resistance of NW-
NW junctions in this structure. After thermal-annealing, Rs was reduced to ~ 18.57 Ω sq-1, due to 
decreased junction contact resistance after welding, as shown in Figure 2.6(b). A further reduction in 
Rs was observed after LPEB welding, down to 12.63 Ω sq-1. In addition to the improved Rs of AgNWs 
following this process, there was almost no loss of optical transmittance and haze after each welding 
process (transmittance > 90 %), as shown in Figure 2.9(a) and Figure 2.9(b). 
 
  
Figure 2.9. (a) Optical transmittance and (b) hazeness of the as-prepared, thermally-annealed, and 
LPEB-welded AgNWs fabricated on a PET film. 
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This could be a result of the different mechanisms arising from each welding method. Thermal-
annealing is a bottom-to-top heat conduction process that continously transfers heat through the whole 
area; hence different points on the surface receive the same amount of heat from the heat source even 
if the AgNW density at each point is different. However, the heat needed to weld AgNWs is proprtional 
to the density of NW-NW junctions; thus, the melting level varies depending on the uniformnity of 
AgNWs during thermal-annealing (Figure 2.10(a)). In contrast, LPEB irradiation is a top-to-bottom 
energy transfer process, using accelerated electrons, with a larger amount of energy transferred in a 
much shorter time (~2 s). Some electrons transfer their energy directly and induce temperature 
elevation due to joule heating; thus, the AgNW itself acts as a heat source. This implies that, during 
LPEB irradiation, heat is induced and spread along AgNWs depending on AgNW and junction density 
(Figure 2.10(b)). 
 
Mechanical flexiblity. The mechanical properties of the AgNW percolation networks were tested 
under cyclic bending to verify the theoretical arguments about the superior mechanical properties of 
LPEB-welded AgNWs. The modified mechanical flexibility of welded AgNW percolation networks 
was well projected in the change of Rs during the cyclic bending test at a rb of 500 m (Figure 2.11(a)). 
Rs of as-prepared AgNWs increased significantly, up to ~35% of the initial value, as soon as bending 
was initiated, and then increased continuously following repeated bending cycles, reaching 2.3 times 
the initial Rs value after 1,000 bending cycles (Figure 2.11(a)). The thermally-annealed AgNWs 
maintained a constant value of Rs at the start of bending cycles, but showed a continuous increase with 
repeated bending cycles. In contrast, Rs of LPEB-welded AgNWs remained at a relatively low level 
after the cyclic bending test. A Rs increase of around 30% was observed after 1,200 bending cycles. 
Figure 2.10. SEM images on AgNWs at five different points in the same sample following (a) thermal 
annealing and (b) LPEB welding with the optimal condition. 
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The stability of LPEB-welded AgNWs was also demonstrated in a slow single bending cycle. As 
shown in Figure 2.11(b), the Rs of as-prepared AgNWs increased by up to 50% upon bending at a rb as 
small as 500 m. Since the as-prepared AgNWs contain only physical contacts, the junctions are highly 
susceptible to stress and strain, hence Rs may be highly irregular even with each individual bend in the 
same test. This irregular change in Rs in a single bending cycle was also observed in the thermally-
annealed AgNWs. The variation in Rs was significantly different for each cycle, between ~10% to ~40%. 
In contrast, the LPEB-welded AgNWs showed superior flexibility, preserving Rs within ~5% upon each 
bending cycle. AgNWs experience extremely rapid melting and re-solidification processes at their 
junctions upon LPEB irradiation and, as a consequence, much stronger junction contacts are formed 
resulting in stable connection of the percolation networks. 
Touch-panel performance. The mechanical flexibility of conductors is important for maintaining 
performance of electric devices during their lifetime without degradation. In particular, stability of the 
resistance of the top electrode of a resistive touch-panel under repeated bending cycles is directly related 
to device stability, as multi-directional distortion of the top electrode occurs each time users touch the 
surface. Thus, a resistive touch-panel was fabricated using the LPEB-welded AgNW percolation 
networks as a flexible transparent electrode (Figure 2.12). The operation of the device was confirmed 
by writing the word ‘UNIST’. The fabrication of the touch-panels verified that the LPEB welding 
process can be applied to the fabrication of semiconducting devices. 
Characteristics of FPLEDs. It was confirmed that LPEB welding could modify mechanical 
flexibility of devices without any significant compensation of PLED performance. Figure 2.13(a) and 
(b) show the structure of FPLED fabricated using LPEB-welded AgNW electrode, and the picture 
image of green-emissive FPLED (operated at 7 V), respectively.  
Figure 2.11. (a) Trend lines of relative changes in a sheet resistance following repeated cyclic bending 
with the as-prepared, thermally-annealed, and LPEB-welded AgNWs at flat-state. (b) Relative changes 
of sheet resistance after each individual bend during cyclic bending tests. Black arrows are indicating 
the change of sheet resistance during a single bending cycle. 
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Figure 2.12. (a) Schematic diagram of the fabricated resistive touch-screen pane. (b) A photograph of 
the transparent resistive touch-screen panel fabricated using LPEB-welded AgNWs. (c) Demonstration 
of the touch-screen panel writing the word “UNIST”. 
Figure 2.13. Characteristics of PLEDs. (a) Schematic diagram of the FPLEDs. (b) Demonstration of 
green-emissive FPLED fabricated using LPEB-welded AgNW electrode (operated at 7 V). (c) 
Luminance and (d) luminous efficiency vs. current density curves of PLED fabricated using LPEB-
welded AgNW electrode comparing to ITO electrode under ambient condition without encapsulation. 
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Table 2.1. Summarized device performances of PLEDs with ITO and LPEB-welded AgNW electrodes 




LE max [cd/A] 
@ bias 
PE max [lm/W] 
@ bias 
EQE max [%] 
@ bias 
Turn-on 
Voltage [V]  
@ 0.1 cd/m2 
ITO 58,100 (11.0V) 9.86 (4.5 V) 9.43 (3.0 V) 3.36 (4.5 V) 2.2 
LPEB welded AgNWs 25,600 (10.0V) 7.37 (5.0 0V) 6.01 (3.0V) 2.46 (5.0 V) 2.2 
 
The FPLED with LPEB-welded AgNW electrode exhibited good device performance as the 
maximum luminance of 25,600 cd m-2 at 10 V and luminous efficiency of 7.37 cd A-1 at 5 V, which 
were slightly lower than the PLED with ITO electrode (the maximum luminance of 58,100 cd m-2 at 11 
V and luminous efficiency of 9.86 cd A-1 at 4.5 V) because of possible electrically vacant spaces 
between the NWs,43 as shown in Figure 2.13(c)-(d) and Table 2.1.  
Moreover, Figure 2.14 and Figure 2.15 showed that FPLED with LPEB welded AgNWs exhibited 
outstanding mechanical stability as the same tendency with electrode characteristics. On the as-prepared 
sample in flexible electrode, NW-NW junctions are easily broken under partial bending stress with 10 
mm of rb (Figure 2.14(a)). Moreover, EL intensity of thermally-annealed AgNW based FPLED 
dramatically decreased under bending with below 5 mm of rb (Figure 2.14(b)) due to the broken-down 
of weak NW-NW junctions. However, FPLED with LPEB-welded AgNW electrode showed superb 
flexibility by observing comparatively stable EL emission even under large deformation with small rb 
Figure 2.14. Series of photograph of FPLEDs without encapsulation with (a) as-prepared, (b) 
thermally-annealed, and (c) LPEB-welded AgNW electrodes under bending stress following different 
bending radius.  
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(Figure 2.14(c)). Furthermore, the slowest degradation of FPLED performance was obtained with 
LPEB-welded AgNW electrode comparing to the others (Figure 2.15(a)) under ambient condition. 
 
Mechanical stability of NW-NW junctions with different types of post-treatment processes was also 
well projected in J-V characteristics of each FPLED sample (Figure 2.15(b)). In case of as-prepared 
FPLED without any welding process, extremely high level of leakage current and irregular noise in low 
voltage area of J-V curve were clearly observed after extreme bending with 0.5 mm of rb. The high 
contact resistance at non-welded junctions raised leakage current as well as weak mechanical junction 
durability. Although thermally-annealed FPLED exhibited reduced leakage current compared with the 
as-prepared sample, higher level of leakage current than LPEB-welded one was still obtained because 
of different heat transfer mechanism for junctions welding. Irregular heat distribution on NW junctions 
made non-uniformly welded junctions, and thus leakage current in low voltage region was arisen from 
junction defects. Furthermore, residual non-welded junctions in thermal-annealed AgNW electrode 
were easily broken with bending stress. It was well reflected in J-V characteristics by highly increased 
leakage current of bent FPLED with the same rb (0.5 mm), as shown in Figure 2.15(b). On the other 
hand, there was no leakage current observed for FPLED with LPEB-welded AgNW electrode. LPEB 
Figure 2.15. (a) Luminance change of FPLEDs under cyclic bending with 2.5 mm of rb in ambient 
conditions. (b) J-V characteristics of FPLEDs before and after bending with 0.5 mm of rb. Dashed lines 
and full lines in Figure 2.15(b) denote before and after bending tests respectively. (c) Cylindrical objects 
for bending test of PLEDs with described rb.  
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welding results in sufficiently and uniformly re-solidified junctions through whole area of percolation 
thresholds. It means that the minimized junction defects lead reduced leakage current of devices in low 
voltage region (<2 V). Moreover, the minimum amount of leakage current was achieved on the LPEB-
welded FPLED after bending with 0.5 mm of rb, representing tightly welded junctions by LPEB 





In conclusion, this paper demonstrated the fabrication of welded AgNW percolation networks as 
transparent flexible electrodes. Welding of NW-NW junctions using LPEB enhanced overall electrical 
properties, including low Rs without any significant degradation of optical haze and transmittance, even 
though the change in crystallinity of a single AgNW due to re-solidification adversely affects electrical 
conductivity. This could be caused by hugely reduced contact resistance between AgNWs at junctions. 
Furthermore, rapid thermal gradients induced by LPEB irradiation led to outstanding mechanical 
flexibility of AgNW percolation networks, enabling highly stable resistance after a number of bending 
cycles and after each individual bending. The fabrication of a resistive touch-panel and FPLEDs with 
operational tests under bending confirmed the applicability of the LPEB-welded AgNWs to flexible 
transparent electrodes in semiconducting devices. Hence, LPEB welding of percolation networks could 
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Chapter 3. Encapsulation for Flexible and Transparent Optoelectronic 
Devices Including Self-Assembly Process of Montmorillonite Induced by 
Marangoni Force  
 
3.1 Research background 
Recently, opto-electronic devices with organic semiconducting materials have been developed 
actively because of their various advantages such as light-weight, low-cost, flexibility and roll-to-roll 
processability.1 However, there are still critical issues to solve out for the commercialization of flexible 
devices with organic semiconducting materials because organic materials are very sensitive to moisture 
and oxygen despite of their various merits.2-4 Thus, development and application of moisture and 
oxygen barriers on organic based flexible opto-electronic devices are being regarded as one of 
overriding necessity to maintain long-term stable performance of organic-based flexible and transparent 
devices.5 
Thin-film encapsulation is quite proper technique to transparent and flexible electronic devices than 
rigid glass or metal encapsulation using epoxy resins or moisture getters because of high transparency 
as well as reduction of the thickness and weight of full-devices despite of its multi-stacked structure, 
which is generally fabricated form for the improvement of moisture and oxygen barriers. However, 
most of suggested studies related on thin-film encapsulation cannot be expected to have suitable 
mechanical stability for flexible electronic devices because metal-oxide based brittle films are used such 
as AlOx, SiOx or etc.; those are deposited through high-cost deposition processes such as chemical 
vapor deposition (CVD), atomic layer deposition (ALD) or molecular layer deposition (MLD). 3, 6-12 
Moreover, the most general process for thin-film encapsulation, ALD is based on sequential surface 
reaction with limited area that leads to critical demerits on productivity and film-size due to slow rate 
of deposition and limited chamber volume. 
As an alternative of high-cost oxide films, polymer based nano-composite films for encapsulation 
layers have been reported including impermeable platelet fillers such as graphene13-17 or 
montmorillonite18-23 with enough aspect-ratio to increase diffusion path of water molecules. Most 
important challenge of polymer nano-composite with platelet fillers is parallel alignment of platelet 
fillers to the substrates to obtain proper water vapor transmission rate (WVTR) with extended and 
tortuous travelling diffusion pathway of water and oxygen molecules. 
Montmorillonite is commonly used clay material for polymer nano-composite encapsulation, which 
consists of octahedral alumina crystal sheet between two tetrahedral silica sheets in plate-shape with 
high aspect-ratio.24 Moreover, montmorillonite has high possibility of development because it has 
exchangeable cations inside of oxide stacks expecting enhanced properties after cation exchanging 
process with proper cations.25-29 Choi et al., have suggested sequential solution-based layer-by-layer 
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dip-coating techniques to make parallel alignment of montmorillonites for encapsulation of electronic 
devices. 23   Although, suggested layer-by-layer coated montmorillonite films with poly(vinyl alcohol) 
showed remarkable barrier property and high optical transmittance, layer-by-layer dip-coating process 
including rinsing process still has a few disadvantages to make appropriate multi-stacked films; each 
step to make dyads   needs quite long processing time to reach equilibrium adsorption for sufficiently 
uniform and well-covered coating which results to decrease of productivity with the demerit of 
processing time issue. 
In addition, despite the large development on flexible and transparent optoelectronic devices and 
encapsulation films, integrative analyses including both of devices and encapsulation films were yet to 
be explored sufficiently. Although some researchers have suggested studies on flexible and transparent 
encapsulation and optoelectronic devices with great device performances and highly impermeable 
barrier films, they have not presented integrative analysis on devices30-32 and encapsulations.17, 23, 33-38 
Therefore, we have conducted mechanical test on encapsulated devices with fabricated encapsulation 
films to verify an applicability of encapsulation films including ours to flexible and transparent 
optoelectronic devices (summarized in Table 3.1).   
Here, we suggest simple and fast fabrication process for parallelly well aligned montmorillonite-
based encapsulation films with self-assembly process induced by Marangoni force on the surface of 
solvent. Self-assembled montmorillonite films were transferred on ultraviolet (UV) curable polymer 
Norland Optical Adhesive 63 (NOA 63) substrates to fabricate individual encapsulation films and the 
calcium corrosion analysis was conducted using the montmorillonite-based encapsulation films to 
measure WVTR. In additional, it was confirmed the parallel alignment of self-assembled 
montmorillonite nano-platelets through cross-sectional transmission electron microscopy (TEM) 
analysis. Consequently, the self-assembled montmorillonite-based encapsulation films were applied to 
flexible polymer light-emitting diodes (PLEDs) and transparent polymer solar cells (PSCs) to 
investigate enhanced long-term stability even under bending test. 
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Table 3.1. Comparative summary of the properties and applied devices in each study including our 
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Self-assembly process and fabrication of encapsulation films. UV-curable and transparent 
polymer, NOA 63 was chosen as substrate material because of its refractive index (1.56) was well 
matched with that of montmorillonite (~1.55). NOA 63 was spin-coated with 2,000 rpm on any rigid 
substrates and then cured by 254 nm of UV irradiation at ambient condition.  
Montmorillonite (Cloisite-20A, BYK) powder which is including hydrophobic bis (hydrogenated 
tallow alkyl) dimethyl ammonium cation was dispersed in ethyl acetate with 1, 5 and 10 mg ml-1 of 
concentration. D. I. water and NMP were mixed for bath medium solvent. The optimal bath solvent 
consisted of 1:4 of D. I. water and NMP was heated on hot plate with 80℃ of temperature for 
accelerating evaporation rate of volatile solvent in montmorillonite dispersion. Then, montmorillonite 
dispersion was injected on heated bath solvent gently for self-assembly process. After 3 minutes, almost 
of dispersive solvent had evaporated sufficiently and self-assembled montmorillonite film was formed 
on the surface of bath solvent. Then, self-assembled films were transferred to flexible and transparent 
substrates. They can be transferred on any types of substrates such as silicon, glass and polymer as well. 
Transferred films with substrates were baked at 85℃ in 15 minutes to evaporate residual solvents. After 
transferring process of self-assembled films, NOA 63 is spin-coated with 5,000 rpm on the self-
assembled film and UV-cured with 10 minutes to make polymer-montmorillonite-polymer stacked 
structure. The sequential process including film transfer and polymer coating can be repeated after the 
above steps to make multi-stacked encapsulation films. 
 
Figure 3.1. Schematic images of calcium sensor for WVTR measurement (a) with and (b) without 
encapsulation film sample  
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Calcium corrosion test for WVTR measurement. WVTR of encapsulation films were measured 
by calcium corrosion test. The calcium corrosion test is generally used simple method with sensitively 
reactive calcium pad under certain humidity. The water molecules penetrating through the moisture 
barrier can oxidize calcium pad. Then partially oxidized calcium pad reflects decreased current signals 
under constant voltage of 2-point electrical measurements system. The calcium pad with silver contact 
pad were deposited by thermal evaporation under high vacuum (~10-6 Torr) with different patterning 
masks. The calcium pad in fabricated calcium sensor was covered with encapsulation film sample and 
sealed with UV-curable epoxy resins on edge area of the film samples (Figure 3.1). All sealed calcium 
sensors were prepared in nitrogen filled glove box. 2-point probe potentiostat (Ivium-n-Stat, Ivium 
Technologies) was used for electrical measurement with 5 mV of constant voltage. All of measurement 
was conducted in closed glove-box with 25℃ and 40% relative humidity condition.  
 
Fabrication and characterization of flexible PLEDs and transparent PSCs..Poly(3,4-
ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, PH1000, Clevios) solution was spin-
coated with 5,000 rpm on UV-cured silicon substrates for flexible and transparent electrodes. After 10 
minutes of annealing process at 120℃, PEDOT:PSS films were immersed in sulfuric acid (H2SO4, 95%, 
Sigma Aldrich) for enhanced electrical conductivity and reduced surface energy. Then, 0.5 wt.% of 
isopropyl alcohol (IPA) based dispersion of silver nanowire (AgNW, Nanopyxis) was spin-coated at 
2,000 rpm and thermally annealed at 130℃ in 10 minutes. UV-curable NOA 63 precursor was spin-
coated on composite electrodes at 1500 rpm and irradiated by 254 nm of UV lamp in 10 minutes of 
curing time. The cured NOA 63 with composite electrodes were filled off from silicon substrates. A 
conventional green luminescent polymer (PDY-132, Merck) solution was used as an emissive layer. A 
5.8 wt.% of chlorobenzene based PDY-132 solution was spin-coated on the flexible composite 
electrodes at 2,000 rpm. Thermal evaporation process for LiF/Al cathode was conducted under the high 
vacuum chamber (~10-6 Torr) in the nitrogen-filled glove box. J-V-L characteristics of PLEDs was 
measured with spectroradiometer (CS-2000, Konica Minolta Co.) and source meter (Keithley 2400, 
Keithley). EL intensity of flexible PLEDs with encapsulation films were measured with spectrometer 
(Ocean Optics, HR 2000+) after cyclic bending. 
Poly(4,8-bis[(2-ethylhexyl)oxy]benzo[1,2-b:4,5-b’]dithiophene-2,6-diyl-alt-3-flouro-2-[(2-
ethylhexyl)carbonyl]thieno[3,4-b]thiophene-4,6-diyl) (PTB7, 1-material Inc.) based bulk 
heterojunction (BHJ) transparent PSCs were fabricated on 150 nm of indium tin oxide (ITO) coated 
glass substrates. Diethylzinc solution (15 wt.% in toluene) was mixed with tetrahydrofuran (THF) in 
1:4 of volume ratio. Diluted diethylzinc solution was spin-coated on UV-cured ITO substrate in 3,000 
rpm and annealed at 150℃ in 30 minutes for zinc oxide (ZnO) layer. Diethylenetriamine (DETA) was 
selected as interfacial layer for enhanced charge extraction and compatibility. 10 μl of DETA was mixed 
with 20 ml of 2-methoxymethanol. Diluted DETA was spin-coated on ZnO surface and baked on 120℃ 
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in 10 minutes for solvent drying. These processes were conducted in ambient condition. Photovoltaic 
BHJ layer was prepared with mixed solution of PTB7 and [6,6]-phenyl C71 butyric acid methyl ester 
(PC71BM) in 1:1.1 of mass ratio in co-solvent of chlorobenzene (CB) and 1,8-diiodooctane (DIO) with 
97:3 of volume ratio. The concentration of PTB7:PC71BM solution was fixed as 23 mg ml-1. The 
polymer solution was spin-coated with 1100 rpm in nitrogen filled glove box. Molybdenum oxide 
(MoO3) was deposited with thermal evaporation in high vacuum (~10-6 Torr) with 10 nm of thickness 
for hole-transporting layer as well as buffer-layer to sputtering. 150 nm of indium zinc oxide (IZO) was 
deposited with sputtering for transparent top electrode. PCE values of solar cells were measured from 
J-V characteristics using source meter (Ivium-n-Stat, Ivium Technologies) under a 1 sun, AM 1.5G 
spectrum from a solar simulator (PEC-L01, Peccell Technologies Inc.) with 1,000 W m-2 of irradiance. 
All of measurement related on PLEDs and PSCs were conducted in ambient condition and the devices 
used in measurement were storage in ambient condition also. 
 
Analysis using TEM, UV-Vis-NIR spectroscopy and OM. Cross-sectional TEM (JEM-2100, 
JEOL) analysis was investigated to figure out the alignment of self-assembled montmorillonite films. 
Self-assembled films were transferred on silicon substrates with same process mentioned above. Then, 
200 nm of silver was thermally evaporated in high vacuum for enhanced charge transfer of electron 
beam. The focused ion beam (FIB, Helios 450HP, FEI Co.) was used to prepare for cross-sectional 
TEM analysis. 
Optical transmittance values of flexible and transparent encapsulation films were measured by UV-
Vis-NIR spectrometer (Cary 5000, Agilent) including flexible NOA 63 substrates. 
Optical microscope (Nikon, LV150) was used for the analysis to figure out uniformity of self-
assembled montmorillonite films with 200 times magnified OM images. 
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3.3 Result and discussion 
 
Conceptional illustration of self-assembly process of montmorillonite is presented in Figure 3.2. As 
the montmorillonite dispersion was injected on the surface of heated solvents in bath, it was spread out 
immediately because of diffusion. Then, montmorillonite nanoplatelets were moved and assembled by 
Marangoni force, which came from inhomogeneous evaporation of volatile ethyl acetate. The gradient 
of surface energy occurs between ‘partially evaporated’ region and ‘residual’ region of ethyl acetate on 
the surface of bath solvent, and it brings the Marangoni transportation and force, which are induced 
from low surface tension regions to relatively high surface tension region.39  
  
Figure 3.2. Conceptional illustration of self-assembly process 
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Figure 3.3. Time-lapse images of self-assembly process with 30 seconds of time-intervals. 
Figure 3.4. The TEM image of self-assembled montmorillonite film at 5 different points.  
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The time-laps photograph images during self-assembly process of montmorillonite are shown in 
Figure 3.3 and each image is captured in every 30 seconds. The area of self-assembled montmorillonite 
(red-lined) on bath medium was increased and extended to all of bath surface. Moreover, high aspect-
ratio of montmorillonite nanoplatelets induced horizontally floated state on bath solvent during self-
assembly process, leading to parallelly well-aligned montmorillonite films to the surface of bath solvent 
even in case that they were transferred to substrates. TEM image of well-aligned montmorillonite film 
after self-assembly and transfer process is shown in Figure 3.4.  
 
To induce maximum Marangoni force and uniform assembly of films, n-methyl-2-pyrrolidone (NMP) 
and water co-solvent as bath solvent medium were used. Low vapor pressure of NMP (0.038 kPa at 
20℃) and water (2.34 kPa at 20℃) can maintain stably high surface tension zone on the surface of bath 
solvent during self-assembly process, and they result in uniformly assembled montmorillonite films 
without boiling. Moreover, hydrophobic cation decorated montmorillonite nanoplatelets are extremely 
aggregate under fully aqueous medium. Thus, mixed condition of NMP and water in 4:1 volume ratio 
was selected as optimized co-solvent (Figure 3.5) because non-aqueous solvent NMP can reduce 
aggregated flakes of montmorillonite as well as can maintain high surface tension sufficiently to induce 
Marangoni force.  
 
Figure 3.5. Effect of co-solvent on bath medium. (a) Photographic images following different mixed 
conditions of D.I. water and NMP after the injection of montmorillonite dispersion. 
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Additionally, water-NMP co-solvent can use outstandingly high surface tension of water induced by 
hydrogen bond between water molecules, which can accelerate fast and strong assembly of 
montmorillonite with high level of Marangoni force. In some suggested studies on self-assembly of 
nanoparticles induced by Marangoni force, each self-assembled shape were fixed by specific 
interactions between nanoparticles such as π-π interactions in case of graphene or graphene oxides.39 In 
this study, repulsive nature of hydrophobic tallow ammonium cations in the montmorillonite against to 
water results tightly assembled films even which can maintain their shapes after they partially 
transferred to other substrates and they are expressed as red-lined shapes in Figure 3.6.  
 
Figure 3.6. Photographic image of self-assembled montmorillonite after the transferring process (red-
dashed lines indicate the shape of transferred montmorillonite films to other substrates)  
Figure 3.7. The OM images of self-assembled montmorillonite films with 5 mg ml-1 of dispersive 
concentration at 80℃ on (a) D.I. water (1) : NMP (4) co-solvent and (b) NMP as a bath solvent medium.
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Moreover, surface density of nano-platelets was affected by bath medium which is a very important 
factor to decide whether fabricated film is usable as a barrier. The optical microscopy (OM) images of 
self-assembled montmorillonite film following different bath medium conditions are indicated in 
Figure 3.7(a) and Figure 3.7(b). Very uniform and dense surface of the film with co-solvent is easily 
identified with Figure 3.7(a) (bluish colored area presents montmorillonite platelets and light-orangish 
area indicates transmitted glass substrates under low illumination.). On the other hands, insufficient 
Marangoni force with NMP bath medium results non-uniform and defective films with only partially 
assembled montmorillonite nano-platelets. Dispersion medium of montmorillonite and processing 
temperature were optimized following their accelerated volatility and low surface energy. 
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Figure 3.8. Series of OM images of self-assembled montmorillonite films with different vaporization 
rate of ethyl acetate dispersive medium 
Figure 3.9. OM images of self-assembled montmorillonite films with different vaporization rate of 
diethyl ether dispersive medium 
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Firstly, diethyl ether and ethyl acetate were selected as candidate of dispersion solvent because of 
their relatively high solubility in water of bath co-solvent than other solvents which leads to uniform 
diffusion of dispersion on surface of bath medium during assembly process. Additionally, they have 
sufficiently low surface energy (diethyl ether: 16.7 dyn cm-1 at 20℃, ethyl acetate: 23.2 dyn cm-1 at 
20℃) and high volatility to induce strong and active Marangoni assembly. The series of OM images 
following various temperature and concentration conditions with different two solvents are shown in 
Figure 3.8 and Figure 3.9. Consequently, we have fixed the optimum condition with ethyl acetate as a 
dispersive solvent at 80℃ of processing temperature which have most uniform film state. On the other 
hands, too low boiling point of diethyl ether (34.6℃) causes bubbles during self-assembly process and 
bubble shaped vacant areas in films (Figure 3.9(g), (h), (k) and (l)). 
 
Transparent and flexible encapsulation films with self-assembled montmorillonite were fabricated 
with different concentration of dispersion and stacking numbers. The schematic of stacked 
encapsulation films is illustrated in Figure 3.10(a). The photograph image of the encapsulation film 
sample with 2 stacked self-assembled montmorillonite films with 5 mg ml-1 of dispersive concentration 
is shown in Figure 3.10(b). The barrier properties of encapsulation films with various conditions were 
characterized through calcium corrosion test with 400 nm of calcium pad, and measured electrical 
conductance was used to calculate WVTR with the following equation.40-43 
, (1) 
Figure 3.10. (a) Schematic illustration of structure of flexible and transparent encapsulation films with 
self-assembled montmorillonite and (b) photographic image of real sample with 2 stacked self-assembled 
montmorillonite films with 5 mg ml-1 of concentration.
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Where n is the stoichiometric number ratio of calcium corrosive chemical reaction with water 
molecules (n = 2). The molar mass of water and calcium are substituted to M(H2O) and M(Ca), δ and ρ 
are intrinsic density and resistivity of bulk calcium metal (δ = 1.54 * 106 g m-3, ρ = 3.5 * 10-8 Ω m). 
(d(1/R) / dt) is measured rate of conductance change in degrading time range. In case of this study, we 
calculated the slope of (d(1/R) / dt) at linearly decreasing region only (described as dashed line) because 
we should check out about steady-state transmission rate of water molecules of each encapsulation films. 
Electrical measurement of calcium sensors with different samples were conducted at 25℃ and 40% of 
relative humidity in closed system. The schematic image of calcium sensor is illustrated in Figure 3.1. 
 
Figure 3.11(a) indicates normalized conductance of calcium sensors with encapsulation film samples 
consisted of single layer of self-assembled montmorillonite with different dispersive concentration and 
NOA 63 filler (thickness: ~20 μm) on NOA 63 substrates (thickness: ~60 μm), and Figure 3.11(b) 
shows optical transmittance of them following 1, 5 and 10 mg ml-1 of dispersive concentration 
respectively. As increase of concentration of dispersion, barrier properties of encapsulation films were 
enhanced because of more densely and thickly assembled montmorillonite nano-platelets as shown in 
Figure 3.8. Each encapsulation films of single stack with 1, 5 and 10 mg ml-1 of dispersion showed 
1.96 * 10-2, 1.18 * 10-2 and 9.09 * 10-3 g m-2 day-1 of WVTR values. Interestingly, optically hazy 
properties of self-assembled montmorillonite films affected from scattering light because of the 
boundaries of each assembled flakes were significantly improved with only thin over-coated NOA 63 
filler because of their well-matched refractive indexes (about 1.55 of montmorillonite and 1.56 of NOA 
63), and the change of optical transmittance after over-coating is shown in Figure 3.12.  
Figure 3.11. (a) The changes of normalized conductance versus time with constant voltage (0.05 V) under 




Figure 3.12. Enhanced transmittance of montmorillonite-based encapsulation film after over-coating 
of NOA 63 
Figure 3.13. (a) The changes of normalized conductance with time with constant voltage (0.05 V) under 
25℃ and 40% relative humidity and (b) optical transmittance of 1, 2 and 3 stacked montmorillonite 
films with 5 mg ml-1 of concentration. 
Figure 3.14. Plot-chart of measured WVTR values of encapsulation films following (a) different 
concentration of dispersion and (b) number of stacks with 5 mg ml-1 of dispersive concentration. 
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Consequently, they showed each 93.1, 92.3 and 91.4% of air-based optical transmittance at 550 nm 
of wavelength with 1, 5 and 10 mg ml-1 of dispersion including over-coated NOA 63. Additionally, 
same analysis on multi-stacked encapsulation films were investigated with fixed condition on 5 mg ml-
1 of concentration because of their proper transmittance over 90% at 550 nm of wavelength (Figure 
3.13(a) and Figure 3.13(b)). An elongated transmission path of water molecules in multi-stack structure 
was reflected directly as reduced WVTR values as we assumed. The WVTR values of 2 and 3 stacked 
samples based on 5 mg ml-1 dispersion are 6.66 * 10-3 and 2.42 * 10-3 g m-2 day-1 with 90.5 and 88.8% 
of optical transmittance (at 550 nm) individually. Consequently, we selected the condition of 2 stacked 
encapsulation film with 5 mg ml-1 of dispersive concentration of montmorillonite for the mechanical 
test as well as the application and stability analysis on flexible PLEDs and transparent PSCs because of 
their moderately proper WVTR and optical transmittance. Each WVTR and optical transmittance values 
following all of concentration and stacking conditions are summarized in Table 3.2 and Table 3.3. 
 
Table 3.2. Optical transmittance and WVTR values of single stack of montmorillonite-based 






(%, @ 550 nm) 
Calculated WVTR 
(g/m2day) 
[40%RH, 20 ℃] 
1 93.1 1.96 * 10-2 
5 92.3 1.18 * 10-2 
10 91.4 9.09 * 10-3 
 
Table 3.3. Optical transmittance and WVTR values of self-assembled montmorillonite encapsulation 
films with different number of stacks 
Number of stacks 
Transmittance of 
encapsulation film 
(%, @ 550 nm) 
Calculated WVTR 
(g/m2day) 
[40%RH, 20 ℃] 
1 92.3 1.18 * 10-2 
2 90.5 6.66 * 10-3 




The mechanical property of a flexible and transparent encapsulation film with self-assembled 
montmorillonite was simply investigated through a comparison of WVTR values after cyclic bending 
test with 1 mm of bending radius. The WVTR values of 0, 1, 10 and 1,000 cycles bent and recovered 
samples were compared in order to showing how they damaged after external bending stress. They were 
investigated with the same way as above and the result of calcium test of cyclic bended encapsulation 
films are shown in Figure 3.15(a). Even after cyclic bending tests, each 1, 10 and 1,000 cycles bended 
films showed 6.07 * 10-3, 6.31 * 10-3 and 6.51 * 10-3 g m-2 day-1 of WVTR respectively. Compared to 
6.48 * 10-3 g m-2 day-1 of WVTR value of non-bended sample, each 1, 10 and 1,000 cycles bended films 
showed stably preserved performance and it means the fabricated encapsulation films have highly stable 
mechanical properties. All WVTR values following different bending cycles are projected with solid 
points on the logarithmic graph in Figure 3.15(b) and summarized in Table 3.4. We have estimated 
that the stable performance of encapsulation films even until 1,000 cycles of bending test are caused 
from well-assembled montmorillonite nano-platelets also tight adhesion between montmorillonite and 
NOA 63 filler. 
  
Figure 3.15. (a) The change of normalized conductance under 25℃ and 40% of relative humidity with 
different cycles of bending (bending radius: 1 mm). (b) The point projection of calculated WVTR values 
after cyclic bending test. 
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Table 3.4. The WVTR values of 2 stacked encapsulation films with self-assembled montmorillonite 
with 5 mg ml-1 of dispersive concentration after cyclic bending test (bending radius: 1 mm) following 
different bending cycles 
Bending cycles (rb = 1 mm) Calculated WVTR (g/m2day) [40%RH, 20 ℃] 
0 6.48 * 10-3 
10 6.07 * 10-3 
100 6.31 * 10-3 





Figure 3.16. Schematic diagram of flexible PLEDs and transparent PSCs including montmorillonite 
based-encapsulation films. 
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The application on flexible PLEDs and transparent PSCs including stability test were investigated 
with stacked encapsulation films based on 5 mg ml-1 of montmorillonite dispersion because their 
mechanically stable performance and optical transmittance were suitable to apply for flexible PLEDs 
and transparent PSCs. Moreover, the outstanding optical transparency of encapsulation films is proper 
to apply for transparent PSCs also. Schematic illustrations of self-assembled montmorillonite-based 
encapsulation film applied PLEDs and PSCs are shown in Figure 3.16. Flexible PLEDs with NOA 63 
substrates were encapsulated at bottom and top side both because of relatively high WVTR of polymer 
substrates than glass substrates. Moreover, both of PLEDs and PSCs were encapsulated including edge 
of whole devices with more large size of encapsulation films to prevent edge degradation due to lateral 
penetration of moisture. In case of this study, the size of each devices including substrates was 1.5 * 1.5 
cm2 and the size of encapsulation films was 2 * 2 cm2. 
 
The changes of normalized electroluminescence (EL) intensity during cyclic bending test with 1 mm 
of bending radius are shown in Figure 3.17(a). First 5 points of graph were measured at every 10 cycles 
of bending with 10 minutes of time interval. After 100 cycles of bending, each steps of EL intensity 
measurement were conducted with 30 minutes of interval. Thus, whole measured time of EL intensity 
with cyclic bending test was 350 minutes for all different four samples. Additionally, flexible PLEDs 
with different encapsulation film samples were bent with 1 mm or bending radius at each bending cycle. 
EL intensity of encapsulated flexible PLEDs were measured at 6 V of operating voltage which is the 
point of showing about 200 cd m-2 of luminance. The non-encapsulated reference showed 49% of 
normalized EL intensity after 350 minutes with 1,000 cycles bending test. On the other hands, EL 
Figure 3.17. (a) The change of EL intensity and (b) demonstrational images of flexible PLEDs under 
ambient condition 
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performance of encapsulated PLED samples with 1, 2, and 3 stacked self-assembled montmorillonite-
based encapsulation films were preserved as 63, 77 and 83% respectively. Despite all encapsulated 
PLEDs were encapsulated at both side of samples, they showed non-obvious difference of long-term 
stability to the reference sample because of penetration of water molecules were accelerated with 
operational Joule-heat of PLEDs. Demonstration images of encapsulated PLEDs with 2 stacked sample 
are shown in Figure 3.17(b). Additional information related on flexible PLEDs are described in Figure 
3.18, 3.19 and Table 3.5. 









































Figure 3.19. J-V-L characteristics of flexible PLED. (a) J-V, (b) L-V, (c) LE-V, (d) PE-V, (e) EQE-V
and (f) EL spectrum of flexible PLEDs. 
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Figure 3.20. Long-term characteristics of transparent PSCs under ambient environment with different 
stacked encapsulation films under ambient condition. Normalized (a) open-circuit voltage, (b) short-
circuit current density, (c) fill-factor and (d) power conversion efficiency of transparent PSCs. 
Figure 3.21. (a) Energy diagram of transparent PLEDs and out-focused photograph image transparent 
PSC. 
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The result of long-term characteristics including power conversion efficiency (PCE) of transparent 
PSCs with self-assembled montmorillonite encapsulation films are shown in Figure 3.20. J-V curves 
of all PSCs with encapsulation film samples were measured under 1 sun condition (1,000 W m-2 and 
AM 1.5 G) at every 48 hours of time interval with 4 * 4 mm2 of shadow mask in ambient environment. 
Even the pristine transparent PSC sample showed relatively stable long-term performance as only 33% 
of PCE drop (67% preserved) in 800 hours than other reported PTB7 based devices 44-48 despite it 
exposed in ambient condition without encapsulation film because metal oxide transparent electrodes 
and transporting layers were used (Figure 3.21(a)). 
 
In case of encapsulated transparent PSCs, they showed more sustainable PCE as 43, 75 and 87% with 
1, 2 and 3 stacked encapsulation films even after 1,500 hours. Detail device characteristics transparent 
PSCs are showed in Figure 3.22 and summarized in Table 3.6. 
 










ITO / ZnO / PTB7:PC71BM / 
MoO3 / IZO (100 mV/s) 
12.42 0.68 62.37 5.27 
 
  




We developed fast and reproducible process to fabricate highly flexible and transparent encapsulation 
films. Optimal self-assembled montmorillonite-based flexible and transparent encapsulation films with 
2 stacked 5 mg ml-1 of montmorillonite dispersive concentration showed 6.66 * 10-2 g m-2 day-1 of 
WVTR and 90.5% of optical transmittance at 550 nm. They showed negligible change of barrier 
property with 1,000 cycles of bending test with 1 mm of bending radius. Additionally, their outstanding 
optical, mechanical and barrier properties were suitable to apply on flexible PLEDs and transparent 
PSCs. Thus, we have investigated their applicability on flexible and transparent optoelectronic devices 
with measuring of long-term stability of each device. The flexible PLEDs with self-assembled 
montmorillonite-based encapsulation films showed highly stable performance after 350 min and 1,000 
cycles of bending with 77% of preserved EL intensity compared with 49% of that with non-encapsulated 
device under 1 mm of bending radius. In case of transparent PSCs, they showed extremely sustainable 
PCE as 75% after 1,500 hours with 2 stacked encapsulation films with high transparency. We believe 
that our fabrication process for uniformly self-assembled materials has enough potential to be applied 
for commercial flexible encapsulation films with high reproducibility. In addition, we expect that 
flexible and transparent encapsulation film based on montmorillonite can alternate high-cost processed 
oxide-based encapsulation films after further development on montmorillonite with high recoverability 
and mechanical durability in near future, due to the cationic exchange characteristic of montmorillonite 
can affect to surface compatibility between polymer matrix and montmorillonite. We also believe the 
integrative mechanical analysis including devices and encapsulation films in our work showed the effect 
on stable operation of organic optoelectronic devices with applied multi-stacked encapsulation with 
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Chapter 4. Stretchable Polymer Light Emitting Diodes Including 
Morphology Modified PEDOT:PSS and Large Pulsed Electron Beam 
Welded Silver Nanowires with Allyl Silicate Surfaced Montmorillonite 
Based Stretchable Encapsulation 
 
4.1 Research background 
Following the development of electronic devices, the position of electronic devices gradually 
changed from floor to desk, desk to knee and knee to palm as well as they came closer to human life. 
Not only the changed physical distance of electronic devices also now they occupy a larger part of 
human daily life than before. Furthermore, smart mobile devices are coming closer to human beings 
through changes in the form of devices such as wearable and implantable device.1, 2  
Recently, the research field called stretchable electronic has been actively studied as a core 
technology for the future generation electronics as mentioned above and it has been developed through 
various approaches including structural modification with wavy or buckled films3-5 and blended 
conductive polymers with elastomer.6 However, most of approaches for stretchable electronic devices 
have been mainly focused on structural modification because the development of materials with 
promising electrical properties and mechanical stretchability of conductive materials is very challenging.  
Among the various approaches on stretchable electronic devices, stretchable OLEDs have been 
highlighted because they have potential to be applied directly to the displays of wearable or implantable 
devices which came from their flexibility and various design applicability. Recent studies on stretchable 
OLEDs have been implemented through the introduction of metal nanowire-based electrodes-
elastomeric substrate composite7, 8 as well as wrinkle structured device with thin polymer substrates9 
and they showed very comparable performances with conventional flat devices. Despite the remarkable 
performance of the reported devices, however, mechanical and long-term operational stability are still 
challenging factors. Since most organic materials are very vulnerable to external oxygen and moisture, 
the introduction of encapsulation is essential for long-term stable operation of OLEDs.10-15 Moreover, 
in case of flexible OLEDs including stretchable OLEDs, the importance of encapsulation becomes even 
more important because of inevitable use of highly permeable flexible polymer substrates compared 
than flat devices with highly protectable glass substrates and rigid encapsulations.13, 15, 16 
In order to overcome these fatal disadvantages, some studies have been actively proposed which on 
the development of encapsulation materials to replace metal-oxide based brittle barriers used in 
conventional flat devices. Mostly, thin film encapsulation technology with lamination of ultra-thin 
oxide materials and polymer materials have been suggested17-19 and encapsulations with ordered nano-
particles containing oxide or carbon materials have also been proposed.20-25 Although, flexible 
encapsulations using thin metal oxide films have high optical transmittance and remarkable moisture 
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barrier property they are fabricated with high-cost process such as atomic layer deposition (ALD) or 
molecular layer deposition (MLD) process as well as they have limited flexibility because of their brittle 
nature. 
In case of nano-particle base encapsulations, they have enhanced flexibility and low-cost 
processability than vacuum process-based encapsulation techniques.21, 24, 25 The widely used as well as 
mostly advantageous shape of nano-particles for the moisture barrier is transversely wide plate type 
such as graphene,15, 26, 27 graphene oxide28, 29 and montmorillonite clay.20-25 These nano-plate materials 
have high aspect ratio which lead to very thin thickness even in multi-layered structure as well as good 
coverage in state of fabricated films and these characteristics result high barrier property with induced 
torturous pathway of moisture or oxygen molecules when they diffuse into barrier films. 
However, despite these merits, there is a disadvantage in that they cannot be structured dense 
compared to the films fabricated with ALD or MLD process. Thus, some researchers have suggested 
special fabrication processes for densely packed self-assembled films for highly protective films which 
consist of nano-plates.30 Nevertheless, these films of nano-plate still cannot have their own flexibility 
and resilience without physical or chemical bonding between them. Therefore, in this study, we propose 
a nano-plate based film that can be recovered under mechanical deformation from external forces with 
chemical modification of nano-plates. 
In this study, we suggest a fabrication process of multi-layered stretchable encapsulation film using 
chemically modified montmorillonite clay nano-plates which can have chemical bonding with 
elastomeric matrix lead to excellent resilience under mechanical stretching. Furthermore, we present 
the fabrication process and analytic results of stretchable OLEDs including the developed stretchable 
encapsulation and stretchable electrodes with improved mechanical stability for the enhanced 





Modification of montmorillonite with exchangeable cations and surface modifier for silicon 
oxides.  
Montmorillonite with Na+ (Cloisite Na, BYK) was dispersed and modified in aqueous medium. For 
the effective reaction, hydrochloric acid (HCl, ACS reagent, Sigma-Aldrich) was mixed in the aqueous 
dispersion of montmorillonite with same molar ratio with cation exchangeable capacity of 
montmorillonite (92.6 mequiv./100g). The mixture of montmorillonite and HCl stirred at 80℃ in 6 
hours for well separated nanoplates and Na+ ions.  
Additionally, amine functional groups in (trimethylsilyl)methylamine (TMSMA, Sigma-Aldrich) 
was hydrogenated with mixing of HCl with even molar ratio. Hydrogenated TMSMA after 30 min. of 
stirring with HCl in water, have positive ammonium ion sties in molecules which can exchange with 
Na+ cations in montmorillonite dispersion31. 
Cation exchange process of TMSMA was conducted through mixing of the separated 
montmorillonite dispersion and hydrogenated TMSMA at 60℃ in 24 hours for perfectly exchanged 
products. The mixture slurry of montmorillonite and TMSMA ions was filtered with Buchner funnel 
and vacuum pump. During the filtering process, 80℃ of D. I. water with 3 times of volume of slurry 
was poured in divided with several steps for the washing of residual Na+ cations. 
After the filtering and washing process, the sample was dried at 100℃ of vacuum oven and grinded 
at mortar for the preparation of fine powder state of TMSMA exchanged montmorillonite sample. 
Montmorillonite dispersion in aqueous medium was stirred in 80℃ for well separation of nanoplates 
in 24 hours without any acid reagent because acid act as catalyst on hexamethyldisilazane (HMDS, 
Sigma-Aldrich) silylate reaction32. Thus, separated montmorillonite dispersion was mixed with hexane 
based HMDS solution in depressed reaction state without acid and stirred in at least 2 hours for welly 
permeated HMDS molecules in between of montmorillonite nano plates with silicon oxide surface. For 
the initiation and promotion of silylate reaction of montmorillonite with HMDS, diluted HCl was mixed 
with slurry of montmorillonite and HMDS with even molar ratio. Although the silylate reaction of 
montmorillonite is fast reaction with acid catalyst, the mixture was stirred in 30 min. on 40℃ of hot-
plate for fully modified surface of montmorillonite nano-plates. 
The filtering process of HMDS modified montmorillonite slurry was also conducted with vacuuming 
Buchner funnel and washed with excess amount of isopropyl alcohol (IPA) for the elimination of 
residual reactants and by-products. 
The same drying and grinding process was adapted for powder state sample preparation of HMDS 
treated, silylated montmorillonite with methyl functional group surfaced nano-plates. 
The modification process of montmorillonite with allyltriethoxysilane (ATES, JSI silicone) for 
proper surface with carbon double bonds is based on alkoxy silane hydrolysis33. As like silylation 
process, this reaction can be promoted by acid or base rapidly. Thus, the preparation of separated 
71 
montmorillonite dispersion was conducted without acid reagent. Diluted ATES solution with hexane 
was mixed with montmorillonite dispersion and stirred gently in 2 hours at 40℃. Mixture of 
montmorillonite and ATES was mixed with NH4OH (28% NH3 in H2O, Sigma-Aldrich) with even 
molar ratio for the promotion by base catalyst. Then, same process including filtering, washing, drying 
and grinding process was conducted for powder sample preparation of ATES treated montmorillonite 
with double bonded surfaces of nano-plates. 
 Fourier transform infrared (FT-IR) analysis for the investigation of reaction products in powder state 
was conducted to figure out proper chemicals were well modified in montmorillonite nano-plates with 
the FT-IR spectrometer (Cary 670 FTIR, Varian). 
X-ray diffractometer (D8 Advances, Bruker) with a Cu- K  radiation source was used for the 
investigation of changes in d-spacing of montmorillonite following different modification processes. 
 
Fabrication and Characterization of stretchable encapsulation films with modified 
montmorillonite and elastomeric substrates.  
The substrates for stretchable enacpsulation film with modified montmorillonties were prepared with 
polydimethylsilane based elastomer (PDMS, Sylgard 184, Dow corning). The precursor of PDMS was 
spin coated on polystyrene substrates with 1,000 rpm in 60 seconds and cured in 3 hours at 80℃ oven. 
Film formation method with Marangoni self-assembly was adopted for the parrallely well aligned 
montmorillonites with uniform surface density. Self-assembly process with HMDS or ATES modified 
montmorillonite was conducted on the water only bath medium which are different with case of 
TMSMA exchanged montmorillonite because of they have no ionic property in dispersion inducing 
aggregation of montmorillonite particles. Thus, water-NMP co-solvent was used only in case of self-
assemply process of TMSMA exchanged montmorillonite. All of selfly-assembled films with modified 
montmorillonites following diffenent types of chemicals were fabricated in 80℃ of bath medium with 
5 mg ml-1 of dispersive concentration in ethyl acetate solvent. 
 Selfly-assembled montmorillonite film following different modification process were transferred on 
elastmeric substrates. Especially, in case of ATES modifled montmorillonite films, additional coating 
of non-cured PDMS was adopted for the chemical bonding on the substrate and modifed 
montmorillonite films. Then, additional thin PDMS was over-coated on the selfly-assembled 
montmorillonite films with different modification with spin-coating in 2,000 rpm and cured at 80℃ in 
3 hours. 
FT-IR spectrometer (Cary 670 FTIR, Varian) was used for the FT-IR measurement of film state 
samples to investigate reduced dangling bonds on ATES modified montmorillonite films with reduced 
thickness of PDMS substrate to reduce effect of PDMS peaks on FT-IR data. Cross-selctional images 
of encapsulation films were measured by scanning electron microscope (SEM, Nanonova 230, FEI). 
Optical transmittances of stretchable encapsulation films were measured by UV-Vis-NIR spectrometer 
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(Cary 5000, Agilent). 
Water vapor transmission rate (WVTR) of encapsulation films were measured by calcium corrosion 
test. The calcium corrosion test is generally used simple method with sensitively reactive calcium pad 
under certain humidity. The water molecules penetrating through the moisture barrier can oxidize 
calcium pad. Then partially oxidized calcium pad reflects decreased current signals under constant 
voltage of 2-point electrical measurements system. The calcium pad with silver contact pad were 
deposited by thermal evaporation under high vacuum (~10-6 Torr) with different patterning masks. The 
calcium pad in fabricated calcium sensor was covered with encapsulation film sample and sealed with 
UV-curable epoxy resins on edge area of the film samples. All sealed calcium sensors were prepared in 
nitrogen filled glove box. 2-point probe potentiostat (Ivium-n-Stat, Ivium Technologies) was used for 
electrical measurement with 5 mV of constant voltage. All of measurement was conducted in closed 
glove-box with 40℃ and 38% relative humidity condition. 
 
Patterned Al2O3 deposition with ALD.  
Before the deposition process of Al2O3, perfluoropolyether (PFPE) based nano-patterning stamp was 
used for the nano-imprinting process on the non-cured PDMS surface which were over-coated on 
modified montmorillonite films to fabricate nano-patterned Al2O3 with relatively endurable property 
against to stretching. 
Thin Al2O3 films were deposited in atomic layer deposition (ALD) chamber with 80℃ of temperature 
and they were fabricated with 25 nm of thickness. 
Optical microscope (Nikon, LV150) was used for the observation of damaged site of Al2O3 films 
after stretching test. 
 
Fabrication and characterization of transparent electrodes. 
Poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS, PH1000, Clevios) solution 
was doped with fluorosurfactant (Zonyl, Zonyl® FS-300, DuPont) in 0.1, 0.5, 1 and 2% of weight for 
the fabric typed morphology of PEDOT:PSS films with enhanced stretchability. The Zonyl doped 
PEDOT:PSS solutions were spin-coated with 5,000 rpm on UV-cured silicon substrates and immersed 
in sulfuric acid (H2SO4, Sigma-Aldrich) and washed with ethanol for the crystallized PEDOT chains 
which induce high conductivity of polymer films. This sequential process was repeated twice for proper 
thickness of PEDOT:PSS films which have optimized optical transmittance and sheet resistance. 
Silver nanowire (AgNW) percolation networks for the enhanced electrical property were formed on 
the PEDOT:PSS films with spin-coating in 2,000 rpm of the IPA-based dispersion of AgNW 
(Nanopyxis) with 0.5 wt% of concentration. The average length of AgNWs is 25 ± 5 m and diameter 
36 ± 5 nm. Then, coated samples were LPEB irradiated in a vacuum chamber filled with Ar gas (for 
plasma) for the tightly welded junctions and electrically quenched nanowires for mechanically robust 
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stretchable elctrodes. The irradiation of LPEB was conducted with 5 kV of acceleration voltage in 0.05 
Pa of Ar gas pressure. 
Composite electrodes with H2SO4 treated PEDOT:PSS and LPEB welded AgNWs were over-coated 
with PDMS solution for the elastmeric substrates. After 3 hour of curing time in 80℃, cured PDMS 
substrates can be filled off from silicon substrates with revelry embedded composite electrodes. 
Additionally, encapsulation film fabrication process including self-assembly and transfer steps can be 
adopted before the filling off process of composite electrodes to fabricate encapsulated PLEDs. 
Sheet resistance of stretchable electrodes were measured by the 4-point probe (CMT2000N, AIT) 
and recorded with averaged value from 5 different points of samples. 
Changes of resistance of stretchable electrodes during stretching test were measured with 2-point 
probe potentiostat (Ivium-n-Stat, Ivium Technologies) for the investigation of mechanical endurability 
of composite electrodes.  
Scratching test with Rockwell hardness tester with moving stage (UNHT3 Bio, Anton Paar) was 
conducted for the investigation of mechanical stability of composite electrodes with diamond dip with 
100 um of tip radius which was measured the penetration depth with 10 mN of constant force which 
was being moved with 1 mm/min of scanning speed. 
 
Fabrication and characterization of stretchable polymer light-emitting diodes.  
The green luminescent polymer (PDY-132, Merck) solution with 5.8 wt% of concentration in 
chlorobenzene was spin-coated on fabricated stretchable electrodes with 2,000 rpm. CPE interlayers for 
the compatible adhesion of top electrodes were formed by spin-coating of methanol-based CPE solution 
with 5 mg ml-1 of concentration with 5,000 rpm in N2 filled glove box. The same structured stretchable 
composite electrodes were used in flipped state with attaching on the surface of interlayers. Attached 
composite electrodes were heated up in 80℃ of hot-plate and pressed gently in 5 min. J-V-L 
characteristics of stretchable PLEDs was carried out using spectroradiometer (CS-2000, Konica Minolta 
Co.) with source measurement unit (Keithley 2400, Keithley). EL intensity of stretchable PLEDs with 
encapsulation films were measured with spectrometer (Ocean Optics, HR 2000+) after stretching test 




4.3 Result and discussion 
The schematic of stretchable encapsulation including chemical bonding between PDMS elastomeric 
substrates and ATES modified montmorillonites was given in Figure 4.1.  
 
Additionally, strategical concept of this study was briefly summarized with schematic images in 
Figure 4.2. TMSMA cation was adopted for the enhanced compatibility which came from methyl 
function groups in TMSMA and they applied with cationic exchange process of montmorillonite. 
HMDS is commonly used chemical for the surface modification of silicon oxide to hydrophobic surface 
with silylation. They used for the enhanced compatibility with hydrophobic elastomer PDMS as well. 
Most important property of stretchable component is resilience after stretching deformation. The double 
bonds in ATES molecules can react with PDMS precursors to make chemically bonded state. Thus, we 
applied double bond rich surfaced montmorillonite in stretchable encapsulation through ATES 
modification of montmorillonite called “allyl silication”. 




Schematic of cation exchange process of montmorillonite with hydrogenated TMSMA ions and 
analytical result were shown in Figure 4.3. As shown in FT-IR result (Figure 4.3(b)), the identical 
peaks of proper functional groups which are N-H of ammonium group, C-H of methyl group and Si-C 
of TMSMA were indicated sufficiently exchanged TMSMA ions in montmorillonite. Additionally, d-
spacing of 001 plane of montmorillonite was increased which is indicated from slightly moved 001 
peak to low angle area in XRD result (Figure 4.3(c)). 
In the Figure 4.4, same type of conceptional schematic, FT-IR and XRD result of HMDS modified 
montmorillonite were shown. The HMDS modified montmorillonite have only CH3 related identical 
peaks on FT-IR as an additional signal. All of C-H identical peaks were reflected well in Figure 4.4(b). 
The silylated nano-plates in HMDS modified montmorillonite powder sample were distinctly separated 
because of eliminated cations and hydrophobic surface. Therefore, the peak intensity of 001 d-spacing 
of montmorillonite were decreased as shown in Figure 4.4(c). 
In case of ATES modified montmorillonite, we can recognize the fingerprint peak of C=C double 
bond in allyl functional groups of ATES through FT-IR result in Figure 4.5(b). Additionally, >CH2 
scissoring signal was obtained which were located between allyl functional group and Si atom in the 
molecular structure of ATES. In addition, likewise in case of HMDS treated montmorillonite, separation 
of nano-plates resulted from modified surface indicated in XRD data in Figure 4.5(c). 
  
Figure 4.2. Conceptional schematic of modified montmorillonite for stretchable encapsulation 
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Figure 4.3. Schematic, FT-IR and XRD result of cation exchanged montmorillonite with TMSMA 
Figure 4.4. Schematic, FT-IR and XRD result of silylated montmorillonite with HMDS 
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The FT-IR results of encapsulation films with modified montmorillonites shown in series with 
comparison of bare PDMS substrates curve in Figure 4.6, 4.7 and 4.8. In case of TMSMA modified 
montmorillonite-based encapsulation film, they showed similar identification peaks of ammonium in 
FT-IR result. They were highlighted with red-colored dashed circle in Figure 4.6(b) and they were 
showed in Figure 4.6(c) and (d) as discreated and magnified form. 
As different as case of TMSMA, HMDS treated montmorillonite-based encapsulation film have no 
identifying signals (Figure 4.7). Because PDMS is contained a lot of CH3 functional groups in 
elastomer chains. Thus, we cannot determine how they changed after over-coating of PDMS in state of 
self-assembled film. 
  
Figure 4.5. Schematic, FT-IR and XRD result of allyl-silicated montmorillonite with ATES 
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Figure 4.6. FT-IR result of (a) PDMS substrate and encapsulation film with TMSMA cation exchanged 
montmorillonite. (c) N-H stretch peak and (d) N-H bend peak of FT-IR curve with TMSMA-
montmorillonite based encapsulation film. 




Figure 4.8. FT-IR result of (a) PDMS substrate and encapsulation film with ATES modified 
montmorillonite. (c) Specific peak of C=C double bond in allyl functional group in FT-IR curve with 
ATES-montmorillonite based encapsulation film. (d) Schematic image of ATES treated surface of 
montmorillonite. 
Figure 4.9. Cross-sectional SEM images of encapsulation films with modified montmorillonites (a) 
before and released after (b) 10% and (c) 30% of stretching test. 
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The distinction point of ATES modified montmorillonite-based films with other modified 
encapsulation films are saturated single bonds which is changed from double bonds. In Figure 4.8(b), 
we cannot find any identification peaks in ~1600 cm-1 of wavenumber area which is allyl double bond 
fingerprint area. However, we can recognize it indirectly with comparison of FT-IR data of powder and 
films state of ATES modified montmorillonite that is reduced peak signal at ~1600 cm-1 area indicating 
the saturation of double bonds which reflects chemically bonded montmorillonite and PDMS. 
To ensure the existence of chemical bond between ATES modified montmorillonites and PDMS 
which affected to mechanical resilience, we have investigated comparative cross-sectional SEM of 
stretchable encapsulation films with before and after stretching test. As shown in Figure 4.9, we cannot 
find detached and cracked site between montmorillonite and PDMS in case of ATES while the SEM 
images of TMSMA and HMDS treated montmorillonite samples showed lots of separated part of films. 
 
Characteristics of modified montmorillonites-based encapsulation films were given in Figure 4.10. 
Despite of the difference of decorating cation (Figure 4.10(a) and (b)) or modified surface of HMDS 
(Figure 4.10(c) and (d)) and ATES (Figure 4.10(e) and (f)), optical transmittance and WVTR values 
of individual samples showed scarcely ever distinguishable difference. The summarized table of the 
characteristics of modified montmorillonite-based encapsulation films following different number of 
stacks were given in Table 4.1. The plot-chart of WVTR values of each 5 samples of modified 
montmorillonite-based encapsulation films following different modification and number of stacks were 





Figure 4.10. Optical transmittance and WVTR of modified montmorillonite-based encapsulation films 
following different number of stacks with 5 mg ml-1 of dispersive concentration. 
Figure 4.11. Plot chart of WVTR values of (a) TMSMA, (b) HMDS and (c) ATES treated 
montmorillonite based-encapsulation films following different number of stacks with 5 mg ml-1 of 
dispersive concentration. 
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Table 4.1. Summarized table of optical transmittance and WVTR of modified montmorillonite based-
encapsulation films following different number of stacks with 5 mg ml-1 of dispersive concentration. 
 
Although the characteristics of encapsulation films were showed negligible difference according to 
different modification process, the notable changes of properties were reflected in the mechanical 
property. In Figure 4.12, the estimated schematic of montmorillonite and elastomer chains and Ca test 
results with changes after 1,000 cycles of cyclic stretching test with 10% of strain of 2 stacked film 
samples following different modification were shown. As different as in case of non-bonded TMSMA 
and HMDS modified montmorillonite-based encapsulation films, encapsulation films with ATES 
modified montmorillonite showed superb mechanical resilience after cyclic stretching test which means 
chemically bonded montmorillonite and PDMS matrix can recover the barrier property of stretchable 
encapsulation films after stretching deformation. The comparative WVTR values of distinct types of 
montmorillonite-based encapsulation films were summarized in Table 4.2. The plot-chart reflecting the 
reliability of this analysis were given in Figure 4.13 with 5 individual samples of following different 
modifications. 
 
Table 4.2. Summarized table of WVTR of modified montmorillonite-based encapsulation films before 
and after 1,000 cycles of stretching test with 10 % of strain. 
  










Transmittance WVTR Transmittance WVTR 
1 93.5 4.01 * 10-2 92.8 3.68 * 10-2 93.0 2.69*10-2 
2 91.1 9.96 * 10-3 90.2 9.06 * 10-3 90.1 8.72*10-3 
3 89.1 6.78 * 10-3 88.1 6.69 * 10-3 88.1 8.02*10-3 
 WVTR (g/m2 day) [37.8%RH, 40 ] 
# of cycles (10%) TMSMA HMDS ATES 
0 9.96 * 10-3 9.06 * 10-3 8.72 * 10-3 
1000 1.91* 10-2 1.59 * 10-2 9.63 * 10-3 
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Figure 4.12. Schematic image and WVTR data of (a, b) TMSMA, (c, d) HMDS and (e, f) ATES treated 
montmorillonite and elastomer chains in encapsulation films. Conductance change curve measured 
before and after cyclic stretching test with 1,000 cycles at 10% strain under 37.8%RH and 40℃ 
condition with 50 mV of constant voltage 
Figure 4.13. Plot chart of WVTR values of (a) TMSMA, (b) HMDS and (c) ATES treated 
montmorillonite based-encapsulation films before and after 1,000 cycles of stretching test with 10 % of 
strain. 
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We have investigated the resilience of stretchable encapsulation film with ATES treated 
montmorillonite. However, they showed quit poor barrier property despite their mechanical durability 
with just around 10-3 g m-2 day-1 level of WVTR. Thus, we have applied dense Al2O3 thin film with 25 
nm of thickness on the top of montmorillonite-based films. Thin alumina films were deposited with 
ALD process under 80℃ of chamber temperature to minimize thermal expansion of PDMS-based films. 
Additionally, circular shaped nano-pattern was applied as well for the reduction of cracking damage 
from mechanical deformation with nano-imprinted PDMS surface. The fabrication process is briefly 
showed in Figure 4.14. 
 
Figure 4.14. Fabrication process of stretchable encapsulation films including nano-structured Al2O3
and allyl silicate montmorillonite film stacked PDMS. 
Figure 4.15. (a) OM image of Al2O3 film before stretching. (b) OM and (c) SEM images of Al2O3 film 
after stretching with 10% of strain. 
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The effect of application of nano-pattern is shown in Figure 4.16. As different as in case of non-
patterned (flat) type of alumina thin film (Figure 4.15), we can rarely recognize cracked site on the 
circular patterned Al2O3 film after stretching deformation with 10% of strain in both of OM (Figure 
4.16(b)) and SEM images (Figure 4.16(c). They showed almost similar surface as that of non-stretched 
sample (Figure 4.16(a)) without any cracks. Additionally, we can find critically cracked sites at non-
patterned alumina films after stretching (Figure 4.15(b)) as well as thermally expanded trace with 
wrinkled surface even before stretching (Figure 4.15(a)). Consequently, we have fabricated 
mechanically stable and highly protectable barrier films with ATES modified montmorillonite and 
circular patterned thin alumina films which showed 6.84 * 10-4 g m-2 day-1 of WVTR. The structure of 
stretchable encapsulation films was shown in Figure 4.17(a) and results of calcium test with stretching 
test were given in Figure 4.17(b) with summarized table in Table 4.3. 
 
Figure 4.16. (a) OM image of patterned Al2O3 film before stretching. (b) OM and (c) SEM images of 
patterned Al2O3 film after stretching with 10% of strain. 
Figure 4.17. Schematic image and changes of normalized conductance of stretchable encapsulation 
films with modified montmorillonite-based composites and nano-patterned Al2O3. 
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Table 4.3. Summarized table of WVTR of flat and patterned Al2O3 coated encapsulation films before 




[37.8%RH, 40 ] 
Flat 0 cycles 7.18 * 10-3 
Flat 1,000 cycles 2.46 * 10-3 
Patterned 0 cycle 6.84 * 10-4 




To figure out the effect of the developed stretchable encapsulation films, we have applied them on 
the stretchable PLED devices including stretchable electrodes with acid treated PEDOT:PSS and LPEB 
welded AgNWs for the enhanced mechanical stretchability. 
 
Brief description of fabrication process of stretchable electrodes was shown in Figure 4.18. The sheet 
resistance of H2SO4 treated thin PEDOT:PSS, with thermally-annealed and LPEB welded AgNWs are 
185.8, 23.2 and 17.3 ohm sq-1 and the optical transmittance of them are 93.0, 90.5 and 90.8% 
respectively (Figure 4.19(a)). As shown in Figure 4.19(b), LPEB welded AgNWs-based stretchable 
Figure 4.18. Fabrication process of stretchable electrode with morphology modified PEDOT:PSS and 
LPEB welded AgNWs. 
Figure 4.19. (a) Optical transmittance, resistance change during (b) single tensile stretching and (c) 
cyclic stretching test with 10% of strain of stretchable electrode with morphology modified 
PEDOT:PSS and LPEB welded AgNWs. 
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electrode showed minimum changes of resistance because of tightly welded junctions and poly-
crystallized nanowires which have more endurable mechanical property with quenching effect of LPEB 
welding process. The mechanical stability of LPEB welded AgNWs-based stretchable electrode also 
reflected in reduced electrical noise during cyclic stretching test with 10% of strain in Figure 4.19(c). 
In addition, the traced penetration depth after scratching test on the surface of electrodes in Figure 
4.20(b) showed enhanced mechanical durability of LPEB welded AgNWs based composite electrodes 
with H2SO4 treated PEDOT:PSS. Moreover, the scratched trace of diamond tip were barely founded in 
scanning OM images after scratching test in case of LPEB welded and H2SO4 treated PEDOT:PSS 
composite electrode (Figure 4.20(a)). 
 
  
Figure 4.20. (a) OM image of scratched trace on H2SO4 treated PEDOT:PSS / AgNW electrodes 
following different welding methods and (b) penetration depth according to tracing ling during 
scratching test with 100um sized diamond tip under 10 mN of constant force.  
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The top electrodes of stretchable PLEDs used in this study were laminated with conjugate 
polyelectrolyte (CPE) based interlayer for the enhanced mechanical durability of devices to locate the 
neutral plane of device on most weak material which is experienced minimized strain as well as to alter 
metal electrode because of their poor stretchability following the process showed in Figure 4.21(a) with 
same electrode as bottom stretchable electrode. The well transferred top electrode showed in the 
photographic images in Figure 4.21(b). The chemical structure of CPE which used in this study was 
given in Figure 4.21(c). 
The effect of CPE is reflected in J-V-L characteristics of CPE used PLEDs as electron transporting 
layer which alternates LiF (Figure 4.22). The summarized table of CPE used PLEDs were given in 
Table 3.4. 
  
Figure 4.21. (a) Schematic of top-electrode transfer process. (b) Photographic image of transferred top 
electrode. (c) Chemical structure of CPE used as interlayer. 
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Figure 4.22. Effect of CPE as electron transporting layer and J-V-L characteristics of PLEDs. (a) J-V,
(b) L-V, (c) LE-V, (d) PE-V, (e) EQE-V and (f) normalized EL intensity. 
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The energy diagram of stretchable PLED are shown in Figure 4.23(a) and schematic structure 
including PLEDs and encapsulations both are given in Figure 4.23(b). 
The normalized electroluminescent (EL) intensity of stretchable PLEDs during single stretching 
cycle are given in Figure 4.24(a). The normalized intensity of encapsulated stretchable PLED is plotted 
with red colored line which shows more preserved performance with about 85% of EL intensity than 
66% of that with non-encapsulated PLEDs which .is plotted with black colored line. Moreover, the 
long-term stability of encapsulated PLEDs are showed superb sustainability. As shown in Figure 
4.24(b), the normalized EL intensity of naked PLED (without stretchable encapsulation film) fallen to 
under half in just 1.5 hours. On the other hand, the performance of encapsulated stretchable PLED was 
protected well by stretchable encapsulation film which can indicated from almost 80% of preserved EL 
intensity after 50 hours even after 1,000 cycles of stretching test. The blue colored curve in Figure 
4.24(b) indicates long-term normalized EL intensity which were measured after cyclic stretching test. 
Figure 4.23. (a) Energy diagram and (b) full device structure of stretchable PLED including stretchable 
encapsulation. 
Figure 4.24. (a) Normalized EL intensity of stretchable PLEDs without and with encapsulation films 
during single tensile stretching. (b) Normalized Long-term EL intensity of stretchable PLEDs without 
and with encapsulation which before and after 1,000 cycles of 5% strained stretching 
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4.4 Conclusion 
We developed stretchable encapsulation using ATES modified montmorillonite for the superb 
resilience with tightly chemical bonded nano-plates with elastomer chains.  
The modification processes of montmorillonite with TMSMA, HMDS and ATES are briefly 
investigated with FT-IR and XRD analysis after the individual chemical reactions. Moreover, the 
saturation of double bonds on the surface of ATES modified montmorillonite nano-plates is indirectly 
demonstrated with film state FT-IR and comparison of WVTR values. 
The mechanical resilience of stretchable encapsulation film with ATES modified montmorillonite is 
investigated with negligible changes in barrier property of stretchable encapsulation film and 
sustainable film adhesion with chemical bonding with cross-sectional SEM images.  
In addition, circular patterned alumina applied encapsulation films including ATES modified 
montmorillonite are developed for the highly protectable barrier property with very lossless WVTR 
property and sustainable film without cracks even after stretch and release. 
Furthermore, we developed highly endurable stretchable electrode composites consist of acid treated 
PEDOT:PSS with mechanically robust fabric morphology and LPEB welded AgNW percolation 
networks with strong junction property and quenched nanowires for highly stable stretchable PLEDs. 
The long-term stability and mechanical durability of developed stretchable PLEDs and encapsulation 
is investigated with long-term measurement of EL intensity with stretching test. We believe that this 
superbly sustainable performance of stretchable PLED and stretchable encapsulation including their 
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Chapter 5. Summary 
In this thesis, the development of flexible and transparent electrodes using PEDOT:PSS and AgNWs 
was investigated with specific modification process for enhanced of mechanical stability of them. 
Furthermore, the fast film fabrication process for densely assembled film with plate type of nano-
particles was developed for highly protectable barrier films. In addition, the application of flexible and 
even stretchable encapsulation on various types of optoelectronic devices including developed 
stretchable polymer light-emitting diodes with high mechanical resilience was conducted which showed 
a potential of developed techniques in this thesis can be used for realization of mechanically endurable 
stretchable displays. 
In chapter 1, the research background related on the title of this thesis including history, principles, 
recent techniques and analytical methods of encapsulation and flexible devices were introduced briefly. 
Furthermore, the approached studies related on enhancement of mechanical stability of components in 
flexible OLEDs including transparent electrodes and encapsulation were introduced with simple review 
on the suggested papers. At the last part, the main issues on flexible encapsulation including mechanical 
durability and barrier property were take placed with brief introduction. 
In chapter 2, we demonstrated the fabrication of welded AgNW percolation networks as transparent 
flexible electrodes. Welding of NW-NW junctions using LPEB enhanced overall electrical properties, 
including low Rs without any significant degradation of optical haze and transmittance, even though the 
change in crystallinity of a single AgNW due to re-solidification adversely affects electrical 
conductivity. This could be caused by hugely reduced contact resistance between AgNWs at junctions. 
Furthermore, rapid thermal gradients induced by LPEB irradiation led to outstanding mechanical 
flexibility of AgNW percolation networks, enabling highly stable resistance after a number of bending 
cycles and after each individual bending. The fabrication of a resistive touch-panel and FPLEDs with 
operational tests under bending confirmed the applicability of the LPEB-welded AgNWs to flexible 
transparent electrodes in semiconducting devices. Hence, LPEB welding of percolation networks could 
offer promising prospects for applications including wearable and flexible electronic devices. 
In chapter 3, we developed fast and reproducible process to fabricate highly flexible and transparent 
encapsulation films. Optimal self-assembled montmorillonite-based flexible and transparent 
encapsulation films with 2 stacked 5 mg ml-1 of montmorillonite dispersive concentration showed 6.66 
* 10-2 g m-2 day-1 of WVTR and 90.5% of optical transmittance at 550 nm. They showed negligible 
change of barrier property with 1,000 cycles of bending test with 1 mm of bending radius. Additionally, 
their outstanding optical, mechanical and barrier properties were suitable to apply on flexible PLEDs 
and transparent PSCs. Thus, we have investigated their applicability on flexible and transparent 
optoelectronic devices with measuring of long-term stability of each device. The flexible PLEDs with 
self-assembled montmorillonite-based encapsulation films showed highly stable performance after 350 
min and 1,000 cycles of bending with 77% of preserved EL intensity compared with 49% of that with 
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non-encapsulated device under 1 mm of bending radius. In case of transparent PSCs, they showed 
extremely sustainable PCE as 75% after 1,500 hours with 2 stacked encapsulation films with high 
transparency. We believe that our fabrication process for uniformly self-assembled materials has 
enough potential to be applied for commercial flexible encapsulation films with high reproducibility. 
In addition, we expect that flexible and transparent encapsulation film based on montmorillonite can 
alternate high-cost processed oxide-based encapsulation films after further development on 
montmorillonite with high recoverability and mechanical durability in near future, due to the cationic 
exchange characteristic of montmorillonite can affect to surface compatibility between polymer matrix 
and montmorillonite. We also believe the integrative mechanical analysis including devices and 
encapsulation films in our work showed the effect on stable operation of organic optoelectronic devices 
with applied multi-stacked encapsulation with similar structure to commercial electronic devices. 
In chapter 4, we developed stretchable encapsulation using ATES modified montmorillonite for the 
superb resilience with tightly chemical bonded nano-plates with elastomer chains. The modification 
processes of montmorillonite with TMSMA, HMDS and ATES are briefly investigated with FT-IR and 
XRD analysis after the individual chemical reactions. Moreover, the saturation of double bonds on the 
surface of ATES modified montmorillonite nano-plates is indirectly demonstrated with film state FT-
IR and comparison of WVTR values. The mechanical resilience of stretchable encapsulation film with 
ATES modified montmorillonite is investigated with negligible changes in barrier property of 
stretchable encapsulation film and sustainable film adhesion with chemical bonding with cross-
sectional SEM images. In addition, circular patterned alumina applied encapsulation films including 
ATES modified montmorillonite are developed for the highly protectable barrier property with very 
lossless WVTR property and sustainable film without cracks even after stretch and release. Furthermore, 
we developed highly endurable stretchable electrode composites consist of acid treated PEDOT:PSS 
with mechanically robust fabric morphology and LPEB welded AgNW percolation networks with 
strong junction property and quenched nanowires for highly stable stretchable PLEDs. The long-term 
stability and mechanical durability of developed stretchable PLEDs and encapsulation is investigated 
with long-term measurement of EL intensity with stretching test. We believe that this superbly 
sustainable performance of stretchable PLED and stretchable encapsulation including their fabrication 
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